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Resumen 
Esta memoria de Tesis Doctoral se enmarca dentro del estudio de la evolución 
Holocena y reciente de los sistemas costeros. En este sentido, el objetivo principal de 
esta tesis es el análisis de los sistemas barrera-lagoon de la costa atlántica gallega de 
forma integrada, dentro del campo de la geología marina. Se plantea, por una parte, 
mejorar el conocimiento de estos sistemas desde un punto de vista sedimentario, 
geomorfológico y dinámico; por otra parte se analizan los procesos, tanto internos como 
externos, involucrados en su evolución a lo largo del Holoceno, con especial atención a 
su desarrollo y funcionamiento en los últimos años. Para ello se ha utilizado una serie de 
técnicas combinadas, que abarcan tanto estudios sedimentológicos, como 
geomorfológicos, geofísicos, geocronológicos y climatológicos y que se detallan en los 
apartados metodológicos correspondientes. 
La génesis de los sistemas barrera-lagoon en la costa gallega se encuentra 
relacionada con la evolución de la línea de costa. Vilas et al. (1989), partiendo de la 
distribución actual de medios, proponen un modelo evolutivo de la línea de costa en el 
área de las Rías Bajas desde el último periodo regresivo o de bajo nivel del mar. De tal 
forma que el modelo sugiere que durante el mínimo regresivo de la glaciación de Wurm, 
la configuración de la línea de costa constaría de una línea de islas barrera, con 
abundante material eólico redistribuido a través del oleaje. Una vez iniciado el ascenso 
del nivel del mar (periodo transgresivo), las barreras arenosas migrarían hacia tierra 
(dirección este) durante el Holoceno, hasta adosarse a salientes rocosos 
interrumpiéndose el transporte litoral por las rugosidades del fondo, y quedando 
restringidas a las zonas más externas de las rías. 
Desde estos trabajos iniciales, se han realizado nuevos estudios de detalle en 
diferentes sistemas barrera-lagoon de la costa gallega. Estos últimos se basan 
fundamentalmente en la determinación de edades por radiocarbono de niveles 
orgánicos y/o turbas correspondientes a depósitos de lagoon. Existe una gran 
coherencia entre los diferentes trabajos proponiendo el establecimiento de las barreras 
arenosas en torno a 6000 años BP (Bao et al., 2007; Costas et al., 2009) y una 
disminución en la conexión entre la parte trasera de las barreras y el mar o cierre total 
alrededor de los 3000 años BP (Vilas et al., 1991; Santos and Vidal, 1993; Devoy et al., 
1996; Bao et al., 2007), sugiriendo la deceleración de la subida del nivel del mar como 
principal factor de este cierre. A partir de ese momento, otros trabajos sugieren 
episodios de inundación marina o rotura de la barrera, dando lugar a diferentes 
episodios de inestabilidad-estabilidad de las barreras (Devoy et al., 1996; Bao et al., 
2007; Costas et al., 2009) que provocan una progresiva colmatación de los lagoons por 
entrada de sedimentos procedentes de los sistemas dunares o playas adyacentes. Este 
patrón no es exclusivo de la costa gallega sino que se extiende a lo largo de la costa 
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atlántica peninsular (Freitas, 1995; Bao et al., 1999; Cearreta et al., 2003; Freitas et al., 
2003; Alday et al., 2006; Cabral et al., 2006), donde se asocia el inicio de la 
sedimentación en áreas lagunares posteriormente al establecimiento de las barreras 
arenosas. 
Los vientos en la costa gallega presentan un patrón estacional, que a grandes 
rasgos está determinado por la dinámica meteorológica del Atlántico Norte, definida por 
la evolución estacional de los dos centros de acción en el sistema climático global: la 
depresión de Islandia y el centro de altas presiones de Azores (Wooster et al., 1976; 
Vitorino et al., 2002). De tal forma que en un escenario típico de verano, la depresión de 
Islandia es débil y el anticiclón de las Azores ocupa su posición más al norte en el 
Atlántico Norte, unos 35°N. Los vientos del oeste sobre el Atlántico Norte se encuentran 
confinados a altas latitudes, la influencia de los centros de bajas presiones no alcanzan 
la costa atlántica gallega y los vientos del norte son los que prevalecen en el NW 
peninsular. El escenario típico de invierno se caracteriza por depresiones profundas en 
Islandia y el retroceso del anticiclón de las Azores hacia el sur (30°N). La influencia de los 
sistemas de bajas presiones en el atlántico se extiende a la costa gallega, pasando a 
dominar los vientos del tercer cuadrante. La costa gallega se encuentra al sur de la 
trayectoria más frecuente de las tormentas del Atlántico Norte, siendo esta región muy 
sensible a cambios interanuales en las trayectorias de los ciclones de latitudes medias, 
que están controladas a gran escala por la Oscilación del Atlántico Norte (NAO). 
(Martínez Cortizas and Pérez Alberti, 1999). La gran mayoría de los trabajos en la 
península Ibérica y área Mediterránea se centran en el impacto de la NAO durante el 
invierno, principalmente en el efecto sobre el régimen pluviométrico (Rodriguez-
Fonseca and de Castro, 2002; Trigo et al., 2004). Sin embargo, en el Atlántico Norte 
existen otros patrones de circulación atmosférica además de la NAO, como la EA 
(Oscilación Este-Atlántica) y la SCAND (modo Escandinavo) que deben ser incluidos en 
los análisis de variabilidad climática para tener una visión completa (Trigo et al., 2008). 
Como se ha mencionado anteriormente, esta investigación doctoral se centra 
en dos de los sistemas que abarca el proyecto en el que se enmarca: Louro y Traba. El 
complejo de Louro se encuentra situado en el extremo norte de la entrada de la Ría de 
Muros e Noia y el de Traba en la Ría de Corme e Laxe. La temperatura media en Louro y 
Traba oscila entre 10-12°C en invierno y 18-20°C en verano, con una diferencia 
generalizada de aproximadamente 2°C entre ambos sistemas, siendo Louro el que 
presenta las temperaturas más elevadas. En cuanto a la precipitación, los valores 
difieren ligeramente con un promedio de 1300 mm/año en el caso de Traba y de 1100 
mm/año en Louro  
Ambos sistemas se encuentran en la costa Atlántica gallega, costa clasificada 
como mesomareal siguiendo la terminología de Davies (1964), con un rango mareal 
entorno a los 4m. Siguiendo las recomendaciones establecidas en el ROM (Estado, 
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1991), las direcciones de oleaje a considerar debido a la orientación de la costa, en el 
caso de Louro son aquellas comprendidas entre el SSW y el NNW y en el caso de Traba 
entre el WNW y NNE. Así, establecen que en Louro el mar de fondo proviene 
principalmente del NW y el mar de viento del N. En Traba el mar de fondo proviene del 
NNW y el mar de viento del SW, siendo esta última dirección coincidente con la 
dirección de incidencia de oleaje energético asociado a tormentas. En el caso de Louro el 
oleaje asociado a tormentas del SW, ha sido descrito como el responsable de cambios 
morfológicos en la playa y de propiciar la apertura del canal mareal (Almécija et al., 
2009). 
En el primer capítulo se contextualiza el presente trabajo de investigación 
doctoral, enmarcándolo dentro del proyecto de investigación en el ámbito del cual ha 
sido financiado. Este capítulo incluye también el encuadramiento del presente trabajo 
desde un punto de vista temático a escala global y regional, finalizando con una breve 
descripción que acerca al lector a las áreas de estudio.  
En el segundo capítulo se han examinado las características geomorfológicas y 
la evolución reciente de dos complejos sedimentarios en la Costa Atlántica Gallega: 
Louro y Traba. Para ello, se ha correlacionado la información espacial (fotografía aérea y 
DTMs) con los resultados obtenidos del análisis del registro climático y oceanográfico. Se 
seleccionaron dos escalas temporales: 
(1) Corta escala, durante tres años se han examinado la actividad que tiene el 
canal mareal y las oscilaciones del nivel de agua dentro de las lagunas para 
establecer el efecto de la hidrodinámica de las lagunas sobre diferentes 
elementos que forman ambos sistemas. 
(2) Escala multidecadal, incluye al menos las últimas seis décadas. En el que se 
han incluido la reconstrucción de la evolución sufrida por los diferentes 
ambientes sedimentarios. En este sentido, se ha puesto una atención 
especial al impacto que ejercen las tormentas sobre la evolución del 
sistema, combinando el análisis histórico con el análisis de diferentes 
parámetros climáticos.  
Con el análisis geomorfológico se han podido describir las principales 
características que definen ambos sistemas. En el caso de Louro, son la presencia de una 
laguna costera con oscilaciones en su nivel de agua de marcado carácter estacional, un 
canal mareal efímero y un cordón dunar irregular con corredores eólicos. Por el 
contrario, en Traba es de destacar un cordón dunar frontal continuo que forma parte de 
un sistema dunar ancho y muy vegetado; la laguna desagua a través de un canal de más 
de 1 km que desemboca en el mar a través de un canal mareal. 
El análisis de la dinámica lagunar, a corta escala, ha arrojado diferentes 
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resultados en Louro y Traba. En Louro, la dinámica lagunar está controlada por el 
balance entre el nivel de agua dentro de la laguna y la topografía de la playa, que a su 
vez presentan un fuerte carácter estacional. De forma que tras un periodo de fuertes 
tormentas y alta pluviosidad (estación húmeda -otoño e invierno-), el nivel del agua en 
la laguna sube hasta alcanzar un nivel umbral. Este nivel umbral está condicionado por la 
topografía de la playa, en concreto la altura de la berma. Cuando el nivel dentro de la 
laguna alcanza este umbral y/o la berma es erosionada o debilitada, debido a un 
aumento en la energía del oleaje incidente (asociado a periodos de tormenta), se 
produce la rotura de la barrera y la formación de un canal de desagüe: canal mareal. 
Llegados a este punto se da un rápido vaciado de la laguna hasta alcanzar un equilibrio 
con el régimen mareal de la playa. El canal mareal se mantiene activo durante un 
periodo de tiempo, que a su vez, va a depender de las condiciones climáticas y 
marítimas dominantes después de producirse la apertura. De tal forma que, si después 
de la apertura se dan periodos de tormenta prolongados (fuertes precipitaciones y 
oleaje energético), el canal mareal permanecerá abierto más tiempo que si las 
condiciones dominantes a posteriori fuesen de bonanza. Por otro lado, durante la 
estación seca (finales de primavera-verano), la laguna no presenta conexión con el mar, 
y el desagüe se produce por flujo freático y evaporación, hasta quedarse prácticamente 
seca. 
Por el contrario, en Traba, el nivel de agua dentro de la laguna no presenta 
variaciones tan significativas como en Louro. Se infiere un comportamiento estacional, 
pero no tan marcado. En este caso el canal de desagüe se localiza en una zona de la 
playa con topografía baja y que es inundada en mareas altas. Esta situación propicia una 
apertura permanente del canal de desagüe. Los resultados indican que la laguna solo 
sufre subidas esporádicas y puntuales de su lámina de agua y son asociadas a fuertes 
picos de lluvia. Durante el verano la migración de las barras, desde el submareal al 
supramareal, favorecen un aumento de la topografía en la zona del canal mareal, 
propiciando su cierre; esto facilita que el nivel de agua dentro de la laguna permanezca 
prácticamente invariable durante épocas de reducidas precipitaciones. 
Durante las últimas seis décadas se han observado cambios relevantes y una 
marcada tendencia a la estabilización dunar. Dichos cambios han sido relacionados con 
la variabilidad temporal, a escala multidecadal, en la incidencia de tormentas; las cuales 
controlan la evolución costera. De hecho, en este trabajo se ha podido constatar que la 
reducción en la frecuencia e intensidad de tormentas ha provocado un aumento en la 
cobertura de vegetación dunar en ambos sistemas y una disminución de los procesos de 
desbordamiento en Louro durante los últimos 20 años. Sin embargo, el responsable de 
este cambio en el régimen de tormentas no queda totalmente claro, por lo cual esta 
tendencia se ha analizado con mayor detalle teniendo en cuenta también la complejidad 
del sistema atmosférico y los modos principales de circulación que afectan a región de 
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estudio. 
En latitudes templadas, los sistemas dunares muestran una progresiva y 
significativa estabilización relacionada esencialmente con la expansión de la cobertura 
vegetal. Pese a que anteriormente se sugiere como responsable de este 
comportamiento a un cambio en el régimen de tormentas, seguimos sin conocer las 
causas que modulan este cambio. Por ello, el tercer capítulo se centra en el complejo 
sedimentario de Traba y está encaminado a mejorar el conocimiento de las condiciones 
actuales, buscando una explicación para la progresiva estabilización del sistema dunar 
en las últimas décadas en relación con factores internos y externos. Para ello, se recurre 
no solo a los datos geofísicos, sino a los patrones de circulación global en el Atlántico 
Norte, que no son más que los responsables finales de la evolución de los sistemas 
costeros.  
Los cambios morfológicos principales se han identificado cruzando la 
información obtenida de las fotografías aéreas, cubriendo los últimos 70 años, con datos 
geofísicos obtenidos mediante georadar. Con el objeto de relacionar estos cambios con 
la variabilidad regional en los patrones de circulación atmosférica, se analizó la 
variabilidad de los modos de circulación atmosférica más relevantes en las regiones 
europeas Noratlánticas; la Oscilación del Atlántico Norte (NAO), el Patrón del Este 
Atlántico (EA) y el Patrón Escandinavo (SCAND). Los vientos locales se simularon 
utilizando un modelo climático regional. Estos resultados, combinados con los cambios 
morfológicos detectados en la zona de estudio permitieron identificar el impacto de 
estos modos de circulación sobre la dinámica del sistema costero, en especial sobre la 
dinámica del sistema dunar. Los resultados nos muestran un episodio de actividad eólica 
durante los años 50, seguido por una estabilización gradual y la fijación de la duna, 
coincidiendo con la disminución de las tormentas y de la intensidad del viento.  
Pese a que el sistema de Traba se encuentra claramente estabilizado, se ha 
podido constatar que durante los meses de verano, existen áreas localizadas (blowouts) 
con alta actividad eólica bajo condiciones favorables de aporte de sedimento (arena). 
Los vientos del NE asociados con fases negativas de la EA son los responsables del 
movimiento de arena en el campo dunar. Por otro lado, los vientos del NW, asociados a 
fases negativas de la NAO en verano, favorecen el aporte de arena al sistema dunar 
desde la playa. Durante el invierno, los vientos de SW, asociados al paso de tormentas 
intensas durante fases negativas de la NAO explican la removilización de la arena en la 
playa, disponibilizando el sedimento arenoso para que los vientos del NW lo transporten 
hacia tierra en verano.  
Estos resultados pueden ser extrapolados al complejo de Louro de tal forma 
que los vientos del W y el oleaje asociado durante los inviernos con NAO negativa 
afectan directamente a la dinámica de la playa, favoreciendo la erosión de la playa y la 
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apertura del canal mareal. Siendo así, persistentes fases negativas de NAO (invierno) 
hasta los años setenta explicarían la baja topografía de la playa, que se supone a la vista 
de los elementos dominantes en las fotografías aéreas (corredores de tormenta y 
depósitos de derrame) y por tanto, la evolución multidecadal observada en Louro. Los 
vientos del NW en Louro afectan a la incidencia del oleaje y en consecuencia a la 
dinámica de la playa. Bajo estas condiciones, se favorece la acumulación de arena a lo 
largo de la playa debido a la migración de barras submareales. Hoy en día, este tipo de 
oleaje, es característico de verano y está ligado al aumento de la altura de la berma en la 
playa. Por el contrario, los vientos del NE tienen un impacto menor en el sistema, debido 
a que el relieve adyacente a Louro lo protege de su incidencia, teniendo únicamente un 
efecto local sobre las morfologías dunares.  
Con este trabajo, se pone de manifiesto que para entender el pasado y futuro 
de la actividad eólica se requiere la consideración de la variabilidad e impacto de los dos 
principales modos de circulación atmosférica en el Atlántico Norte (NAO y EA). El tercer 
modo (SCAND) explica un porcentaje menor de la variabilidad de los vientos locales pero 
ha sido incluido para alcanzar niveles de significancia elevados de la varianza. A pesar 
del efecto de la circulación atmosférica en la actividad eólica, hay que destacar que el 
responsable de la estabilización gradual es la combinación de dos factores: (1) la 
disminución de las tormentas e intensidad del viento y (2) la reducción de la 
disponibilidad de sedimento. 
En el cuarto capítulo se aborda el análisis de los sistemas sedimentarios a una 
escala temporal de siglos a milenios. Para ello, se realizó un análisis de detalle de la 
arquitectura sedimentaria mediante el levantamiento de esquemas de correlación en 
dos dimensiones, en ambos complejos. Debido a que los datos geofísicos no dieron 
buenos resultados en el complejo de Louro, en este local se optó por realizar este 
estudio mediante el levantamiento y correlación de sondeos. En el sistema barrera-
lagoon de Traba, donde la laguna es más pequeña pero el complejo dunar presenta una 
mayor dimensión, los estudios se basaron principalmente en técnicas geofísicas (GPR) 
combinadas con la extracción de sondeos. Un aspecto fundamental fue la elaboración 
de los respectivos modelos de edad mediante la datación por radiocarbono de los 
materiales ricos en componentes orgánicos y/o turbas y dataciones por luminiscencia 
(OSL) en los niveles de arenas de cuarzo. 
La combinación de diferentes tipos de datos facilita la reconstrucción evolutiva 
de los diferentes procesos sedimentológicos. Esta combinación nos ayuda a inferir 
cambios o tendencias climáticas, del nivel del mar y evaluar como otros parámetros, 
como la topografía heredada, interfieren y condicionan la evolución de este tipo de 
sistemas. 
Las formaciones sedimentarias encontradas en Louro y Traba se han 
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desarrollado durante el Holoceno. En Louro la sucesión Holocena comienza con la 
formación de turbas sobre los 8000 cal BP y en Traba en torno a los 6000 cal BP. Entre 
los 6000-5000 cal BP se forman las barreras incipientes, asociadas a cuerpos arenosos 
transgresivos. El nivel relativo del mar y la topografía heredada son los principales 
factores que determinan la historia evolutiva de ambos sistemas. En este sentido, en 
Traba se ha observado un retardo en la instalación de la laguna, debido a una posición 
más somera del basamento. 
Se considera que durante la primera fase evolutiva de estos sistemas (anclaje 
de las barreras) la fuente de sedimento estuvo relaciona con la transgresión Holocena; la 
migración hacia tierra del sedimento acumulado en la zona submareal con la subida del 
nivel del mar. Esta situación da lugar a un balance sedimentario positivo y en 
consecuencia favorece la formación de barreras arenosas con una entidad considerable.  
A partir de este momento, la escasez de sedimento hace que los propios 
sistemas actúen como su propia fuente de sedimento pasando a depender del reciclado 
constante del sedimento entre los diferentes compartimentos de los sistema 
sedimentarios costeros. El sedimento se transfiere entre las distintas partes del sistema 
(playa-duna-laguna), que a su vez actúan como fuente o almacén en función de los 
factores externos que actúen sobre el sistema. 
La evolución en ambos sistemas responde además de a los cambios del nivel 
del mar a variaciones climáticas. Los depósitos eólicos y de derrame datados 
proporcionan una estimación de la edad de los procesos ligados a tormentas. Este tipo 
de depósitos ha permitido establecer diferentes periodos durante la evolución del 
sistema con una mayor incidencia de tormentas; presentando una relativa 
sincronización temporal con otros periodos de tormenta observados en registros 
costeros a la largo de la costa oeste de Europa. En general, este tipo de depósitos 
derivados de épocas de elevada tormentosidad, están en fase con los periodos fríos del 
Holoceno descritos en la bibliografía (Sabatier et al., 2012; Sorrel et al., 2012) 
La huella dejada por las tormentas difiere de Louro a Traba durante las últimas 
fases de evolución de ambos sistemas. En Louro, el efecto de las tormentas queda 
reflejado como depósitos de desbordamiento y en Traba por un elevado transporte 
eólico hacia tierra. En ambos casos estos procesos representan el precursor del relleno 
de la cuenca Holocena. Este estudio ha arrojado luz sobre los mecanismos que controlan 
la evolución costera en el NW de España en el contexto del Holoceno medio y tardío. 
En el último capítulo se presenta una síntesis de las diferentes escalas 
temporales de ambos sistemas, en el que se trata de poner en conjunto y de forma 
simple y clara todas las conclusiones extraídas de este trabajo, integrando en una 
discusión final todos los aspectos desarrollados para las distintas escalas. 
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Se ha demostrado que el estudio de ambientes transicionales, como los 
sistemas costeros barrera-lagoon, requieren una aproximación multidisciplinar y desde 
diferentes escalas temporales para obtener una visión de conjunto. En esta memoria de 
tesis Doctoral, se ha optado por una aproximación desde diferentes escalas temporales 
y utilizando diferentes metodologías y se ha llegado a la conclusión de que la evolución, 
en los sistemas costeros barrera-lagoon de la costa Atlántica gallega, está determinada 
por la interacción de cuatro factores principales: la topografía heredada, el nivel del 
mar, aporte sedimentario y el clima, principalmente el régimen de tormentas. En este 
sentido, independientemente de la escala temporal adoptada, la topografía heredada es 
un factor de elevada influencia en la evolución del sistema, seguido del régimen de 
tormentas. Dentro de una escala anual o multidecadal el régimen de tormentas y el 
aporte sedimentario son los factores que juegan el papel más importante, sin embargo 
en una escala temporal mayor (cientos a miles de años) para explicar la historia 
evolutiva es necesario considerar el papel que juega el nivel del mar. Además de los 
factores anteriormente citados, la orientación de los sistemas (Louro y Traba) es uno de 
los mayores condicionantes en la evolución de los sistemas a escala anual y 
multidecadal. En la costa Atlántica gallega, un sistema costero con orientación SW hace 
a este sistema más vulnerable y frágil al impacto de las tormentas que alcanzan las 
costas gallegas.  
Se espera que los resultados de este trabajo sean de utilidad y ayuda a las 
agencias autonómicas a la hora de evaluar futuros cambios climáticos y antrópicos, así 
como en la gestión de estas áreas naturales de alto valor paisajístico, ecológico y 
económico. 
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General Introduction                                                                                                     
1. The Project: Barrier 
This PhD thesis carries out a research which is part of a much larger effort to 
gain a better understanding of the evolution and processes of the barrier-lagoon 
systems along the Atlantic Galician Coast. The frame of this doctoral research is the 
research project: Interacción entre los factores naturales y antropogénicos en la costa 
gallega: evaluación del estado de los ambientes costeros para la mejora de la gestión 
del litoral (Interaction between natural and anthropogenic factors on the Galician coast: 
assessment of the status of coastal environments to improve coastal management), with 
the acronym: Barrier; funded by the Xunta de Galicia. The study sites encompassing the 
project are four barrier-lagoon systems in which the lagoon ecosystems are included in 
the Natura 2000 Network: Traba, Louro, Corrubedo and Ramallosa. The criteria for 
selecting the different study areas were: (1) the Habitats Directive (Council Directive 
92/43/EEC) considers coastal lagoons as habitats of priority protection. In addition, the 
majority belong to the System of Protected Natural Areas of Galicia; (2) they are areas of 
special interest of ecological, economical and landscape nature. They have a high 
environmental value derived from their biodiversity, which is listed in the Galician 
Catalogue of Endangered Species. Finally, (3) the systems have different configurations 
and degree of evolution according to the dominant processes (fluvial inputs, waves, 
tides, etc..), orientation and geographical context and degree of anthropic modification. 
The research project was divided into four subprojects coordinated by 
different research groups of the three Galician universities and the Institute of Marine 
Research (CSIC-Vigo): Geological Oceanography and Biogeochemistry Group (Subproject 
S1-UVI), Marine Biogeochemistry Group (Subproject S2-IIM), Paleontology and 
Stratigraphy Group (Subproject S3-UDC) and Mapping, Degradation and Soil and Water 
Recovery Group (Subproject S4-USC) and  
The subprojects 1 and 3 deal primarily with the establishment of the natural 
evolution of the sedimentary systems, with the aim to establish the evolution of the 
study sites using geometric models based on the sedimentary architecture within a 
geochronological framework and the analysis of various stratigraphic, sedimentary, 
geochemical and micropaleontological proxies as palaeoclimatic and 
palaeoenvironmental indicators. Furthermore, the project focused on understanding the 
sedimentary processes and description of environments by facies analysis. 
The subprojects 2 and 4 are planned for the diagnosis of the current situation 
in the study areas and the changes experienced during the past 150 years, a period of 
strong anthropogenic changes that has been informally called Anthropocene (Crutzen 
and Stoermer, 2000). Special emphasis has been placed on determining the 
environmental quality of waters, identification of sources and causes of pollution, and 
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on the physicochemical and biochemical characterization of the substrate, in order to 
determine the current state of the systems and recent changes. 
Interactive collaborations promote the optimization of resources in the service 
of a common scientific goal: the holistic knowledge applied to coastal environments: (1) 
evaluating the environmental quality and (2) providing a database to improve the 
coastal management practices towards the conservation and a sustainable 
development. 
The general formulation of the project resumes to three key principles: 
1. In a context of Global Change it becomes necessary to identify and 
discriminate the natural variability and anthropogenic effects in coastal 
systems. This allows evaluating the degree of the anthropic interference 
in the natural evolution of the system. 
2. Fluctuations in climate and sea-level with cyclical periodicity during the 
last millennia are a decisive factor of the evolution of coastal 
sedimentary environments during pre-industrial times, observed in 
different systems located in the Galician coast. 
3. There is a critical need for integrating different sources of data in 
predictive models to develop adequate coastal management programs 
to mitigate the negative effects of global change (sea-level rise, 
pollution, loss of water quality, habitat degradation, etc.). 
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2. Thesis objectives  
We explained in the previous section that part of the theoretical framework of 
this thesis was a contribution of the Project Barrier, which aimed to determine the 
evolution of coastal systems along the Atlantic Galician coast. In particular, this Thesis 
will address the reconstruction of the past 8000 years of two coastal systems, Louro and 
Traba, with different geographical context.  
In the 18th century, the Uniformitarianism was formulated by the Scottish 
naturalist James Hutton, who affirmed that the same natural laws and processes that 
operate in the universe now have operated in the past. The principle of 
uniformitarianism has been applied for geological interpretations even to the outmost 
ancient rocks on Earth, but nonetheless, most of the geological processes are studied 
and analyzed in the present. This approach, on which the geological interpretations are 
based on modern observations, was later called Actualism by Lyell following the 
uniformitarianism idea that the present is the key to the past 
Following this concept, to resolve the long-term coastal evolution over the 
past few thousand years, we perceived the need to study the present dynamics and 
forcing factors affecting the sedimentary systems in last decades, attending specially to 
the analysis of different processes acting over the system. To achieve this goal we 
planned the following general objectives for this doctoral research: 
1. Geomorphological and sedimentological characterization of the 
different environments present in Louro and Traba barrier-lagoon 
systems. 
2. Analysis of the principal factors controlling lagoon dynamics in both 
systems during three years to understand the processes involved on 
sediment distribution in the modern environments. 
3. Analysis of the recent and decadal evolution of both systems (since the 
forties) for a better understanding of the temporal and spatial 
variability. 
4. Reconstruction of the evolution of both systems at scales of hundreds to 
thousands of years to determine the conditions for the migration, 
attachment and later evolution of sandy barriers and the adjacent 
lagoons. 
5. To establish the relationship between the processes and sedimentary 
responses at different scales and to compare how they manifest in both 
systems within the global context of the Holocene transgression. 
In summary, we propose a multidisciplinary study to improve the 
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understanding of the evolution and mechanisms operating in the barrier-lagoon systems 
of the Atlantic Galician coast, not only for its intrinsic scientific interest but also to 
provide relevant information to develop better conservation and management 
programs for these environments. 
.
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3. Background 
The study of Atlantic Galician coast has been approached from a variety of 
perspectives and deal with different topics like oceanographic conditions (Fraga, 1981; 
Prego and Bao, 1997; Álvarez-Salgado et al., 2000; Souto et al., 2003; Iglesias et al., 
2008; Iglesias and Carballo, 2009), physiographic conditions (Quivira, 1995; Trenhaile et 
al., 1999; Blanco Chao et al., 2003; Evans and Prego, 2003; Méndez and Vilas, 2005; 
Blanco-Chao et al., 2007), dynamic approach (Delgado et al., 2002; Costas et al., 2005; 
Vilas et al., 2005; Almécija et al., 2009; Pérez-Arlucea et al., 2011; González-Villanueva et 
al., 2013) or coastal evolution and climatic approach (Vilas et al., 1991; Alejo, 1994; 
Nombela et al., 1995; Diz et al., 2002; Clemente et al., 2004; Diz et al., 2004; Bernárdez 
et al., 2005; García-García et al., 2005; Pérez-Arlucea et al., 2005; Bernárdez et al., 2006; 
Costas et al., 2006; Martins et al., 2006; Bao et al., 2007; Costas and Alejo, 2007; 
Nombela et al., 2007; Martínez Carreño, 2008; Costas et al., 2009; González-Villanueva 
et al., 2011b; Muñoz Sobrino et al., 2012).  
The configuration and genesis of the studied barrier-lagoon systems are linked 
to the shoreline evolution of the Galician coast. considering the present distribution of 
geomorphological environments Vilas et al. (1989) proposed a shoreline evolutionary 
model for the Rías Baixas since the last Low Stand (Fig. 1.1). This model exposes that, 
during the regressive minimum of Würm glaciation, the shoreline formed a line of 
barrier islands, with abundant aeolian sediment distributed by the waves. They 
proposed that when the sea-level started to rise (transgressive period) in the Holocene, 
the landward migration of barrier islands (east direction)was interrupted due to the 
seabed roughness until they anchored to the rocky outcrops in the coast and the 
transport was restricted to the outer areas of the Rías. 
Since the publication of these early papers, there has been new research 
dealing with the establishment and development of these barrier-lagoon systems 
including radiocarbon ages obtained from peat layers or organic- rich sediments 
extracted from lagoonal deposits. There is a general agreement on the timing of the 
onset and evolution of the barrier-lagoon systems in the Galician Coast. The sand barrier 
attachment to the coast and the development of the lagoons occurred circa 6000 cal BP 
(Bao et al., 2007; Costas et al., 2009). Once the barrier anchored, a more restricted 
connection between the sea and the back-barrier areas happened around 3000 cal BP 
(Vilas et al., 1991; Santos and Vidal, 1993; Devoy et al., 1996; Bao et al., 2007). The 
forcing factor of this closure happened very likely because of sea-level deceleration 
(Vilas et al., 1989). Afterwards, several episodes of marine flooding, barrier breaching 
due to periods of enhanced storminess, and landward migration of the barriers have 
been documented suggesting their instability and the infilling of the Holocene back-
barrier areas (Devoy et al., 1996; Bao et al., 2007; Costas et al., 2009). This evolutionary 
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path is extended not only to the Galician coast but also along the Atlantic Iberian coast 
(Freitas, 1995; Bao et al., 1999; Cearreta et al., 2003; Freitas et al., 2003; Alday et al., 
2006; Cabral et al., 2006), where the initiation of sedimentation in coastal lagoons is 
associated to the establishment of sand barriers. 
 
 
Fig.1.1. Evolutionary model of Rías dominated coast (Vilas et al., 1989) 
In a global context, the barrier formation has been related to the deceleration 
of sea-level rise during the Holocene (Rampino and Sanders, 1981; Niedoroda et al., 
1985; Otvos, 1985; Clemmensen et al., 1996; Psuty et al., 2000; Goodwin and Grossman, 
2003; Arbogast and Packman, 2004; Buynevich et al., 2004; Wilson et al., 2004; 
Compton and Franceschini, 2005; Moura et al., 2007; Martinho et al., 2008; Plater et al., 
2009; Mallinson et al., 2011; Reimann et al., 2011; Otvos, 2012; Zular et al., 2013). 
Therefore, the lagoon formation and development is linked to the age of the barrier, 
and can evolve simultaneously or after the barrier attachment (Hoyt, 1967; Demarest 
and Leatherman, 1985; Nichols, 1989; Andrade et al., 2004; Cabral et al., 2006; Costas et 
al., 2009; González-Villanueva et al., 2009; González-Villanueva, 2012; Otvos, 2012). 
It is worth to stress that barrier-lagoon systems have a great importance, not 
simply from a landscape perspective; but also from an ecological, environmental and 
socio-economic point of views. The large majority are Special Protection Areas, in 
different degrees, as measured by the regulatory standards in the countries where they 
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are located. In the frame of the European Union several efforts to protect coastal and 
marine ecosystems have been implemented. The most ambitious normative to protect 
the aquatic environment is the Water Framework Directive (DMA, 2000/60/CE), with the 
final objective of achieving the good ecological status of European waters in 2015. 
Recently, the Marine Strategy Framework Directive (DMEM, 2008/56/CE), established a 
framework for community actions in the field of marine environmental policy to achieve 
the good ecological status of the sea. Both directives promote the design of an action 
program to restore or preserve the water masses ecologic status. According to the 
Habitat Directive (DC 92/43/CEE) (DH) in the coastal area of the Atlantic region there are 
three types of high-priority habitats, and two of them are present in Galicia: the Grey 
Dunes (Nat-2000 2130*) and the Coastal Lagoons (Nat-2000 1150*). 
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4. Study site 
4.1. The Galician coast 
The Galician coast is very irregular due to the presence of drowned fluvial 
valleys known as Rías, which are larger and have bigger catchments in the Atlantic 
margin than in the Cantabrian (Fig. 1.2). The Galician coast is therefore dominated by 
cliffs developed on a rocky shore. Sand accumulation in the Rías occurs both on the 
outer and innermost zones. In addition, the Galician coast is characterized by a meso-
tidal range, which propitiates  the development of barrier-lagoon systems (Hayes, 1979; 
Davis, 1994). 
Coastal barriers are mainly located in the Atlantic margin, where the presence 
of estuaries and bays facilitates the establishment of such systems. The barriers develop 
in the inner area of the Rías, forming spits or attached barriers, or outside, closing total 
or partially small bays located between the Rías (Fig. 1.3). In the outer bays, the barriers 
mostly form barrier-lagoon systems with the beach-dune system anchored to rocky 
outcrops at both ends. The lagoons currently are in an advanced state of infilling, with 
shallow water levels, showing strong seasonality in some cases, where the water level 
lowers at depths of few cm in summer rising over the rainy season in winter(Pérez-
Arlucea et al., 2011). 
Vilas and Rolán (1985) compiled a list of the Galician coastal lagoons describing 
the sedimentary processes and communities of mollusks developed in them. The 
authors affirm that this type of systems is located in the outer zone of the Rías and 
classify them in two main groups based on the degree of communication between the 
waters of the lagoon and the ocean: (1) partially closed, showing permanent connection 
with the ocean through an inlet; and (2) closed, with ephemeral communication; the 
ocean waters only enters into the lagoon when the water level in the lagoon is highest; 
due to a strong rainfall, which provokes the opening a connection with the sea through 
an ephemeral inlet. 
For a more suitable characterization of barrier-lagoon systems, we make a 
review of the hydrodynamic processes involved on barrier dynamics to define the 
morphology of barriers becomes essential. In turn, this raises the need for introducing a 
new category. In summary, we could distinguish three types: (1) open, the lagoon 
presents a permanent connection with the sea through one or more tidal inlets cutting 
through the barrier and promoting tidal water fluctuations inside the lagoon (2) partially 
closed the lagoon is connected to the sea through an ephemeral communication when 
overwash processes inundate the barrier during storm surges or when the barrier is 
breached and an ephemeral inlet appears, and (3) closed, the lagoon is permanently 
isolated from marine waters because of a large volume of sediments accumulated 
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within the lagoon or because of the presence of a wide barrier preventing the 
connection with the sea. 
For the latter, water exchange may occur through groundwater flux (Fig 1.3). 
The Galician coast is dominated by open barrier-lagoon systems; these are followed in 
terms of abundance by the partially closed systems, with only one case of closed 
systems, Aio in Grove peninsula. A special mention should be done to Corrubedo 
system, which had been defined by Vilas and Rolán (1985) as an open lagoon. However, 
today the main lagoon presents a high degree of infilling, being replaced by an extensive 
marshland (Carregal). The southern part of the complex is occupied by a small residual 
 
Fig.1.2. Geologic map showing the Rías systems along Galician coast. Data rovide by "Sistema de 
Información Territorial de Galicia (SITGA)".  
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lagoon (Vixían) sporadically connected with the sea through a ephemeral tidal inlet.  
Considering the dominant habitat type and the flora and fauna populations, 
the Protected Areas Network of Galicia classify the barrier-lagoon systems in different 
types. The majority have been included as Sites of Community Importance (SCI) and 
Special Protected Areas (SPAs) in order to integrate them into the Natura 2000 Network. 
Also, some of them have been declared as Wetlands of International Importance under 
the Ramsar Convention, and were later declared by the Xunta de Galicia as Protected 
Wetlands (Decree 110/2004, which regulates the protected wetlands), due to their 
entity and the importance of its natural components (Fig 1.3). 
This Ph.D. research focuses on two of these barrier-lagoon systems: Louro and 
Traba (Fig. 1.3). Louro barrier-lagoon is located in the outer, north side of the Muros and 
Noia Ría and Traba beach over a small bay between the Corme e Laxe Ría and the 
Camariñas Ría (Fig. 1.2 and Fig 1.3). The average temperature in Louro and Traba ranges 
 
Fig.1.3. Distribution of theProtected Areas along the Galician coast and location of the barrier-lagoon 
systems along the Galician coast and classification modified from the originally proposed by Vilas and 
Rolán (1985). 
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between 10-12°C in winter and 18-20°C in summer, being about 2°C higher in Louro. 
Regarding precipitation, the values differ slightly with an average of 1300 mm/year for 
Traba and 1100 mm/year for Louro (Martínez Cortizas and Pérez Alberti, 1999).  
Both systems are in the Atlantic Galician coast, and are classified as mesotidal 
following the terminology of Davies (1964), with an average tidal range around 3m. In 
Louro, following the recommendations in the ROM (Recommendation for Maritime 
Works) (Estado, 1991), the wave directions to consider, accounting for the orientation of 
the coast, are those between the SSW and NNW and in Traba between the WNW and 
NNE. The swell comes mainly from the NW and the wind sea from the N in Louro. The 
SW waves are frequently associated with storms. In Louro, this waves are responsible 
for the morphological changes observed in the beach and for promoting the opening of 
the inlet (Almécija et al., 2009). In Traba the swell approaches from the NW and the 
wind sea from the SW.  
4.2. Louro barrier-lagoon 
Louro barrier-lagoon system is located in a small embayment to the north of 
the mouth of the Muros and Noia Ría, in the township of Muros (A Coruña). Overall, the 
system is set between two rocky outcrops; Punta Les and Punta Queixal, which 
constitute the ancient bay of the small mountain creek Longarelo (Fig. 1.4). The 
basement is formed by granitic and metamorphic rocks; the headwaters of the river are 
dominated by schist, gneiss and quartzite (Casquet and Fernandez de la Cruz, 1981).  
The sandy barrier is about 1.5 km long and is anchored to rocky outcrops at 
both ends (Fig. 1.5). The barrier is formed by an exposed high energy beach, Area Maior, 
that can be classified as an intermediate beach following the classification proposed by 
Masselink and Short (1993). Area Maior beach (Fig. 1.5) varies between two 
morphodynamic states as a function of the prevailing hydrodynamic conditions; under 
high energy or storm conditions the beach adopts a dissipative morphology while under 
low energyconditions the beach adopts a reflective morphology (Almécija et al., 2009). 
Well-developed dunes are located in the upper part of the beach profile, 
reaching maximum heights of 15 m (above mean sea-level in Alicante). Flor (1992) 
describes the Louro dunes as a set of irregular mounds and longitudinal dunes with large 
wind deflation depressions induced by NE winds and oriented NW-SE these depressions 
can be utilized by marine waters during storm surges to inundate the barrier and form 
washover fans. Recently, Pérez Alberti and Vazquez Paz (2011) identified different dune 
morphologies in Louro including incipient dunes, parabolic and pyramidal dunes and 
proposed the erosion of adjacent cliffs as a source of sediment. A general feature in the 
dune-field is elevated degree of fragmentation, presenting several storm corridors 
cutting across the barrier (Fig. 1.5). These corridors are flooded only during equinoctial 
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tides or extreme storms (Pérez-Arlucea et al., 2011). 
 
Fig.1.4. Location of the barrier-lagoon system of Louro (black polygon) between rocky outcrops Punta 
Queixal and Punta Lens. 
The dune-field is high vegetated by a large diversity of species the most 
common are: Ammophila arenaria, Artemisia marítima, Cakile marítima, Corynephorus 
canescens, Euphorbia portlandica, Linaria caesia and Seseli. 
The lagoonal surface varies seasonally between 0.042 to 0.25 km2, as a 
function of rainfall and fluvial input and retention ability of the basin, the latter 
depending on the inlet activity. During equinoctial tides, extreme storms or when the 
water level inside the lagoon is extremely high due to persistent or peak rainfall, an 
ephemeral inlet forms by breaching the northern end of the barrier (Pérez-Arlucea et al., 
2011). The back-barrier is occupied by a shallow brackish lagoon (Laguna de Xalfas) 
showing prominent seasonal changes.. During summer the lagoon is practically dry and 
marshy plants colonize the south and west borders. In the northeast end, a small area of 
the lagoon remains permanently flooded with maximum water depths close to 1 m. The 
lagoon has an irregular shape, with a wider area in contact with the barrier, which has 
an almost oblong form, with the long axis parallel to the coastline, following the 
modified classification of Vilas and Rolán (1985), Louro barrier-lagoon system is a 
partially closed system (Fig. 1.3). 
22 
General Introduction                                                                                                     
4.3. Traba barrier-lagoon 
Traba barrier-lagoon is located in the coastline arch between Punta da Cruz 
and Punta Catasol, to the west of the Corme e Laxe Rías, in the municipality of Laxe (A 
Coruña). It lies on a flat surface at the base of Serra da Pena Forcada (Fig. 1.6). Alkaline 
granitoids and quaternary detrital deposits represent the geology in the area. The 
granite occupies the entire coastal area in a strip about 5 km wide (Parga Pondal et al., 
1953). 
The sand barrier is about 2.5 km long and has an average width of around 400 
m, with a NE-SW orientation (Fig. 1.7). The barrier comprises a wide beach (Traba 
beach), characterized by intermediate morphodynamic conditions with well-developed 
beach cusps in its southwest corner. A large dune-field develops inland, which Flor 
(1992) described as dominated by tabular morphologies with elongated shapes parallel 
to the wind direction and perpendicular to the barrier. Flor (1992) documents the 
existence of numerous storm corridors breaching the frontal dune while he describes 
the inside of the dune-field as being dominated by low relief dunes and wind deflation 
depressions. Additionally, the author also documents the accumulation of blown sand 
 
Fig.1.5. (a) Orthophotography and digital elevation model of Louro barrier-lagoon system. (b) Panoramic 
view from Monte Louro. 
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towards the southwest margin of the system forming two independent parallel ridges as 
well as the presence of climbing dunes within the cliffs in the northern area. A few years 
later, Devoy et al. (1996) presented a simpler description of the dune system dominated 
by low-rise dunes interrupted by few storm corridors. Recently, Pérez Alberti and 
Vazquez Paz (2011) identified different morphologies within the dune-field such as 
incipient dunes, pyramidal and parabolic dunes and propose as a  sediment source the 
erosion of adjacent cliffs. This suggests that both systems, Traba and Louro, are very 
similar in terms of aeolian morphologies. It is worth to stress that the system is formed 
by a foredune ridge with NE-SW orientation, which has maximum heights of 14 m, ADS 
(Alicante Datum System). Inland, the system consists of extensive vegetated depressions 
and irregular vegetated mounds. Wind isolated active forms (blowouts) are present, 
following the prevailing wind direction (NE). The vegetation of the incipient and mobile 
dunes is dominated by Elytrigia junce, Ammophila arenaria and Cakile maritime. Fixed 
dunes are colonized by Euphrobia portlandica, Pancratium maritimum and Calystegia 
soldanella. Finally, the lower and frequently flooded areas in the dune are colonized by 
Juncus maritimus, Frankenia laevis, Sedum album and Ornithogalum broteroi. 
 
 
Fig.1.6. Location of the barrier-lagoon system of Traba(black polygon) between rocky outcrops Punta 
Catasol and Punta da Cruz. 
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To the south and the back-barrier area, a rectangular shaped lagoon developed 
whose main axis is parallel to the present coastline (Fig. 1.7). The latter is a fresh water 
lagoon about 2 m deep and fed by two rivers; the Rego do Vao and the Rego de Traba. 
The Rego de Traba river runs to a great extent through cultivated fields and croplands 
before reaching the lagoon. The lagoon surface varies seasonally between 0.035 to 
0.082 km2, as a function of rainfall and fluvial input. The input of seawater is very low 
and restricted to the occurrence of storms events (Vilas and Rolán, 1985). The 
communication of the lagoon with the sea occurs through an inlet, which runs parallel to 
the dune complex and reaches the beach on the NE end of the system (Fig. 1.7). Vilas 
and Rolán (1985) suggested that the slope and section of the drainage channel difficult 
the flow of seawater into the lagoon, and following the modified classification of Vilas 
and Rolán (1985) this system is included in partially closed category.  
  
 
Fig.1.7. (a) Orthophoto and digital terrainmodel of Traba barrier-lagoon system. (b) Panoramic view from 
Serra da Forcada. 
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ABSTRACT 
This chapter examines the geomorphology, sedimentary characteristics and 
recent evolution of two sedimentary complexes located in the Atlantic Galician coast: 
Louro and Traba. For this purpose, spatial information (aerial imagery and DTMs) and 
the analysis of instrumental records of climatic and oceanographic conditions have been 
correlated approaching two temporal scales: (1) annual, almost three years, and (2) 
multidecadal, which extend at least for the last 6 decades.  
The effect that the inlet and the water oscillations within the lagoon have over 
the coastal barriers are examined over three years to understand the mechanisms 
determining the opening and closing of the inlet and how these could affect 
sedimentation in the lagoon. On the other hand, the analysis of both systems from a 
decadal perspective includes the reconstruction of the evolution of all discrete 
sedimentary environments. In this regard, a special attention is devoted to understand 
the impact that storms have on the systems by including a detailed analysis of all the 
related climatic parameters.  
Main elements featuring Louro are the presence of a coastal lagoon with 
marked seasonal water level fluctuations, an ephemeral inlet and an irregular dune-field 
with several aeolian corridors. By contrast, Traba is featured by a continuous frontal 
dune ridge backed by a wide and highly vegetated dune-field, the lagoon is connected to 
the sea by an ephemeral inlet through a 1 km long drainage channel. 
Regarding the functioning of the systems at an annual scale, the results 
suggest that Traba water level oscillations in the lagoon do not interfere the dynamics of 
the coastal sandy barrier supporting that the lagoon and the barrier evolve 
independently. Conversely, water lagoon dynamics in Louro have a significant influence 
over barrier evolution, i.e. controlling barrier breaching and inlet evolution. 
The results suggest no major morphological changes in the last decades; both 
systems remained relatively stable. Stability is documented by an increase of the 
vegetation cover in both systems and a decrease of overwash processes in Louro. Here, 
it is speculated that stabilization is related to the general reduction in storm frequency 
and intensity observed during the last twenty years. 
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RESUMEN 
En este capítulo se han examinado las características geomorfológicas y la 
evolución reciente de dos complejos sedimentarios en la Costa Atlántica Gallega: Louro 
y Traba. Para ello, se ha correlacionado la información espacial (fotografía aérea y 
DTMs) con los resultados obtenidos del análisis del registro climático y oceanográfico. Se 
seleccionaron dos escalas temporales: (1) corta escala, casi tres años y (2) escala 
multidecadal, al menos las últimas 6 decadas. 
Durante tres años se han examinado la actividad que tiene el inlet y las 
oscilaciones del nivel de agua dentro de la laguna para establecer el efecto de la 
hidrodinámica de las lagunas sobre diferentes elementos que forman ambos sistemas. 
Por otro lado, el análisis de ambos sistemas desde una perspectiva multidecadal, en el 
que se han incluido la reconstrucción de la evolución sufrida por los diferentes 
ambientes sedimentarios. En este sentido, se ha puesto una atención especial al 
impacto que ejercen las tormentas sobre la evolución del sistema, combinando el 
análisis histórico con el análisis de diferentes parámetros climáticos. 
Con el análisis geomorfológico se han podido describir las principales 
características que definen ambos sistemas. En el caso de Louro, son la presencia de una 
laguna costera con oscilaciones en su nivel de agua de marcado carácter estacional, un 
inlet efímero y un cordón dunar irregular con corredores eólicos. Por el contrario, en 
Traba es de destacar un cordón dunar frontal continúo que forma parte de un sistema 
dunar ancho y muy vegetado; la laguna desagua a través de un canal de más de 1 km 
que desemboca en el mar a través de un inlet efímero. 
Del análisis a corta escala no se han obtenido evidencias que vinculen la 
morfología y evolución de Traba con la dinámica de la laguna. Sin embargo, en el caso de 
Louro, la dinámica de la laguna juega un papel importante sobre la evolución de la 
barrera arenosa, condicionando la apertura de la bocana. 
Desde una perspectiva general, no se han observado cambios relevantes 
permaneciendo ambos sistemas estables durante las últimas décadas. Esto no es más 
que el reflejo del factor principal, incidencia de las tormentas, controlando la evolución 
costera. De hecho, se ha documentado una reducción en las tormentas; lo cual queda 
reflejado como un aumento de la vegetación dunar en ambos sistemas y una 
disminución de los procesos de desbordamiento en Louro durante los últimos 20 años. 
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1. Introduction 
As coastal environments, barrier-lagoon systems are sedimentary 
environments developed in the transition between the marine and the terrestrial 
domains. The barriers consist of a beach and one or more dune ridges. They use to 
develop in wave dominated coasts and can be described as elongated sand bodies 
parallel to the coast extending above mean sea-level (Roy et al., 1995). There are a lot of 
definitions of coastal barriers, but all agree that a coastal barrier is a structure that runs 
parallel to the coast formed by the accumulation of sand, gravel, shells, and small 
amounts of organic matter formed due to the combined action of winds, waves, tides 
and currents, and can have variable sizes (Hayes, 1979; Davis, 1994; Woodroffe, 2002). 
The barrier can be separated from adjacent older land by a lagoon, swamp, bay or 
wetland (Bird, 2005; Dillenburg and Hesp, 2009) (Fig. 2.1). All these coastal features are 
the result of a close combination of litho-structural arrangement, continental 
morphogenetic erosive depositional processes and Late-Quaternary marine processes, 
and, particularly in recent times, the intense anthropogenic influence (Woodroffe, 2002; 
Masselink and Huges, 2003; Finkl, 2004).  
 
Fig.2.1. Simplified scheme of a barrier-lagoon system. 
Coastal barriers may adopt many different forms but they can be grouped into 
three major classes based on their connection with the mainland (Davis and FitzGerald, 
2004). The welded or attached barriers are totally or at both edges anchored to the 
mainland (Fig. 2.2; A). Barrier spits are attached to the mainland at one end and the 
opposite end terminates in a narrowed bay, a tidal channel or the open ocean (Fig. 2.2, 
B). Finally, the barrier islands are isolated from the mainland and surrounded by water 
(Fig. 2.2, C). This work will focus on attached barriers, because the study sites presented 
in this thesis (i.e. Louro and Traba) are included into this group. Attached barriers occur 
along irregular coasts where sediment supply is adequate for barrier construction. Most 
often, shallow water bays and lagoons back these barriers. Attached barriers are most 
common along coasts with insufficient energy to keep a tidal inlet open. If the barrier is 
breached during a storm event and an inlet is formed, this generally will close rapidly 
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because the exchange of tidal waters between the lagoon and ocean cannot remove the 
sand dumped into the inlet by waves (Davis and FitzGerald, 2004). 
Coastal lagoons are defined as shallow water bodies, parallel to the shoreline, 
separated from the open marine water by a natural sandy or gravel barrier above the 
maximum tidal level (Emery and Stevenson, 1957; Colombo, 1977; Phleger, 1981; 
Kjerfve and Magill, 1989; Cooper, 1994; Kjerfve, 1994; Isla and Perillo, 1995). Coastal 
lagoons can be connected intermittently to the ocean by one or more restricted inlets 
through the barrier (Bird, 
1993).Coastal lagoons 
are ephemeral because 
all the inflowing 
sediment from rivers, 
marine inputs, aeolian or 
chemical precipitates 
sinks permanently within 
the lagoonal bottom so 
that over time these 
systems trend to be 
infilled. The relative 
balance of tides, river 
inflow and wave energy 
varies influencing the 
hydrodynamics and salinity of the lagoon (Barnes, 2001). Flood and ebb tidal deltas can 
develop in coastal lagoons where the tidal regime has a significant influence on the 
distribution of sediments; the size of the delta will increase with the tidal range 
(Woodroffe, 2002). The size and shape of coastal lagoons varies as a function of the 
inherited topography and coastline configuration. Coastal lagoons offer a wide range of 
geomorphologic and ecologic elements. The nature of lagoonal sediments is diverse 
because they can be sourced by different areas and through diverse mechanisms. There 
are five types of sediments that can accumulate in a lagoon: (1) sediments transported 
by tides and waves; (2) sediment particles carried out by winds; (3) chemical 
precipitates; (4) skeletal material from organisms that lived in the lagoon and (5) 
terrestrial sediments transported by rivers.  
Coastal depositional systems in the Galician Atlantic Coast show a wide variety 
of environments including barriers, bay-head deltas, estuaries, marshes, coastal lagoons 
and tidal flats. This thesis focuses on barrier-lagoon depositional systems. These 
sedimentary environments in the Galician coast are mostly composed by siliciclastic 
sediments with some minor carbonate skeletal grains. There are few works that analyze 
the principal characteristics, current situation and recent evolution of the Galician 
 
Fig.2.2. Three general morphological classes of barriers based on their 
connection with the mainland. A: welded or attached barriers B: barrier 
spits and C: barrier islands. Modified from Davis and FitzGerald (2004). 
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coastal systems. It is of a great importance to establish the basic information about the 
geomorphologic and sedimentary characteristics of different coastal regions to give a 
more precise clue of their historical changes due to natural processes and human 
activities.  
In coastal research there is a widespread use of historical maps and aerial 
photos (Galgano, 1998; Bailey and Bristow, 2004; Costas et al., 2006; Castelle et al., 
2007; Costas and Alejo, 2007; Allard et al., 2008; Chaverot et al., 2008; Girardi and Davis, 
2010; González-Villanueva et al., 2011a; Ollerhead et al., 2012). This kind of data can 
provide useful information about the advance or retreat of the coast and 
geomorphological evolution, among other changes in the two-dimensional space. In 
recent decades, there have been several technological advancements regarding 
mapping technologies and geospatial analyses. A remarkable advance is the application 
of high resolution Light Detection and Ranging (LiDAR) digital elevation models. The 
method has the advantage of being relatively quick, providing a spatially dense data set, 
which can be used to obtain comprehensive and accurate spatial representations of 
coastal areas in a three-dimensional space. The use of these data in coastal studies is 
becoming generalized with different approaches and purposes such as floodplain 
inundation, shoreline mapping or post-storm damage (Stockdon et al., 2002; Woolard 
and Colby, 2002; Gilvear et al., 2004; Robertson et al., 2004; Wozencraft and Millar, 
2005; Robertson et al., 2006; Robertson et al., 2007b; Robertson et al., 2007a; Smith et 
al., 2012). Parallel to the widespread application of this high-resolution methodology, is 
the development of computers and software (GIS) to manage such large datasets.  
In this line, it is worth mentioning the advances on developing of monitoring 
equipment that allows to improve the quality and resolution of physical parameters 
(wind, rain, precipitation, waves, tides,…) known as meteocean conditions. In addition, 
there has been a generalized improvement on the access, availability, and quality of 
these data resources in the last decades. Bearing in mind that the meteocean conditions 
constitute the principal driving forces in the development and evolution of coastal 
environments, their monitoring, consideration and understanding their role at local and 
regional scale are critical to improve the knowledge of coastal systems. In recent years, 
there has been a concerted effort to establish definitive links between the regional 
metocean regime and the multidecadal evolution of coasts (Stone et al., 2004; Tsimplis 
et al., 2005; Costas et al., 2006; Costas and Alejo, 2007; Chaverot et al., 2008; Pye and 
Blott, 2008; Clarke and Rendell, 2009; Sabatier et al., 2009; Clarke and Rendell, 2011). 
From a comprehensive perspective and regarding environmental, social and economic 
items, storms are among the most significant drivers with significant impact in the coast.  
Based on the previous information, the objectives of this chapter can be 
summarized in three points: 
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(1) Establish the basic information about the geomorphologic and 
sedimentary characteristics of different coastal systems to give a more 
precise clue of their historical changes and further evolution. 
(2)  Set the effect of beach and lagoon dynamics in processes involved on 
sediment distribution in modern environments. 
(3) The multidecadal trends in these coastal systems and which are the forcing 
factors determining this trend. 
Considering the points stressed above, two sedimentary systems were 
selected for analysis: Louro and Traba (Fig.2.3) using two different temporal scales to 
approach the problems: 
(1) Annual scale analysis (1 to 2 years) was carried out using two different 
approaches: (i) aerial photos and LiDAR data to define the present 
morphological features and the geomorphological setting and (ii) analysis of 
meteocean data and water elevation measurements in the lagoon to 
understand water dynamics and their impact on the sedimentary 
environments in the system.  
(2) Multidecadal scale allows examination of the evolution of the coastal system 
since the early forties’ using aerial photographs and metocean data.  
Understanding the recent and multidecadal evolution of the selected systems 
and their response to changing external forces will serve to establish the present as a 
key and to reconstruct the architecture and the past evolution of the systems in the last 
chapters. 
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2. Methodology 
To characterize the geomorphological setting and the multidecadal trends of 
Louro and Traba barrier-lagoon systems we analyzed the available spatial information 
(aerial imagery and DTMs) in combination with data of metocean forcing factors (winds, 
rainfalls, storminess, waves, tides, winter NAO index and water level oscillation within 
the lagoon and the water table). 
2.1. Geomorphology and dynamics of modern systems 
Geospatial analysis tools improve the efficiency on time-consuming 
geomorphological mapping tasks. In this work, recent aerial photographs combined with 
DTMs (digital terrain models) provide us a database to delineate detailed cartographies 
of the identified depositional environments within the coastal systems. All this digital 
information is contrasted with field observations. 
 Geomorphological settings of barrier-lagoon systems 2.1.1.
Light detection and ranging (LiDAR) data from airborne and terrestrial systems 
were used to obtain the DTMs. Airborne point clouds are of lower density, lower laser 
ranging accuracy, and are related to geodetic datum. Direct georreferencing terrestrial 
systems produce point clouds of very high density, have higher ranging accuracy, and 
are often related to arbitrary local (project) coordinate systems. Both datasets were 
processed to allow the combined use. 
Airborne LiDAR datasets were surveyed in 2010 (Grant from IGN; Spanish 
National Geographic Institute). LiDAR data were collected on ETRS89 datum and 
processed in ellipsoidal heights that were later transformed to orthometric heights 
(referred to the ADS -Alicante Datum System-) using the EGM08_REDNAP geoid model 
provided by the IGN. The result was projected into ED50, UTM zone 29N. A DTM was 
generated by linear interpolation of irregular points using the Delaunay triangulation, 
with a spatial resolution of 0.25 m. 
Additional DTMs were obtained with a high resolution Terrestrial Laser 
Scanner (TLS) Class-1 TSL-RIEGL model LMS Z-390i in 2009 (Louro) and 2011 (Traba). The 
maps have been constructed based on the Geodetic Reference System ED50 and have 
been represented on the UTM mapping projection (UTM zone 29N). 
A summary of the spatial available data is presented in Table 2.1. 
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The DTMs were overlapped with the last available aerial imagery (2008) in 
ArcGIS to improve the cartographies. This enabled measurement of beach 
morphometric parameters, recognition and mapping of dune areas, measurement of 
dune width, characterization of their state of activity and the coastline trends. In 
addition, for a better characterization of both systems a set of cross-shore profiles 
spaced approximately 50 m apart and intersecting the entire sand barriers were 
extracted from the DTMs (Fig. 2.3). Each profile runs from the seaward-most dataset 
point to the landward end covered by the LiDAR dataset. The areas covered by the 
water during the LiDAR survey were eliminated, as the wavelength used by the LiDAR do 
not allow the survey of wet areas or areas below the water. Most profiles covered the 
intertidal zone down to the mean low water tide level. Several morphometric 
parameters were obtained from the cross-shore profiles, as follows: 
(1) Height of the seaward-most frontal dune ridge or foredune; when this 
geomorphologic element appears in the cross-shore profile. 
(2) Height of the highest dune crest within the cross-shore profile. 
 
Fig.2.3. Location of the study sites. The lines indicate the transects used to extract cross-shore profiles from 
LiDAR datasets. Orange points indicate the location of the pressure transducers. The upper-left map shows 
the location of the WANA points and Meteorological stations. 
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(3) Dune width; distance from the base of the frontal dune to the base of the 
inner slipface. 
(4) Distance between the mean high water level (MHW) and the first frontal 
dune crest. 
(5) Beach width; (a) between dune toe (in most cases coincident with the 
MHW) and ADS; (b) between MLW (mean low water level) and MHW and 
(c) between MW (mean water level) and MHW. These calculations are 
subject to the availability of these heights in the LiDAR profile. 
(6) Beach slope, following the same distance criteria used to estimate the 
beach width. 
The different tidal levels used in the calculation of these parameters have been 
obtained from the pressure transducers located in both systems and analyzed during 
two years (see section 2.1.3).  
 
Table 2.1. Summary of the spatial information data available for the study area. 
 SPATIAL INFORMATION 
 DATA YEAR DATA SOURCE 
LO
U
RO
 Aerial photographs 1945-1956-1971-1983-1999-2003-2004-2008 IGN, SITGA 
Airborne LiDAR data 2010 IGN 
TLS data 2009 U.VIGO 
TR
AB
A 
Aerial photograph 1945-1957-1971-1978-1985-1989-2002-2003-2008 IGN, SITGA 
Airborne LiDAR data 2010 IGN 
TLS data 2011 External consultant 
 
 
 Morphology and geology of the catchments 2.1.2.
Drainage networks and associated drainage basins form complex functional 
entities not only for hydrological processes but also for environmental processes at 
large. Delineation of the principal catchments, basin parameters and hydrological 
calculations has been obtained applying GIS techniques. The DTM (5 m resolution) and 
geological maps provided by the IGN have been used to map the drainage basins and 
parameterize them.  
The characterization of the catchment was carried out with support to two 
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groups of variables: physical and geological. 
The physical parameters (i.e. total area, basin slope and maximum flow 
distance) have been estimated using the extension ArcHydro for ArcGIS. The total area is 
the extent of land where surface water from rain converges to a single point; usually the 
exit of the basin, where the waters join a larger water body such as a river, a lake, a 
reservoir, an estuary, a wetland, the sea, or the ocean. The basin slope is estimated as 
the average grid slope computed by ArcGIS. The maximum flow distance is the longest 
distance from any point in the watershed to the watershed outlet. 
The geological parameter analyzed was the surface of the rocks within the 
basin. The surface of the predominant rocks is presented as a percentage of the total 
catchment area. 
In addition, the basins were analyzed in terms of runoff or infiltration to have 
an idea of the potential of the basins as sediment sources. For that, the runoff curve 
(curve number, CN) was applied. CN is an empirical parameter used in hydrology for 
predicting direct runoff or infiltration from rainfall excess. The curve method was 
developed by the Soil Conservation Service of USA (SCS) in 1954. The runoff curve 
number is a conservative analysis based on hydrologic soil groups, land uses, treatment 
and hydrologic conditions.  
The CN is dimensionless and the parameter values can oscillate between 0 and 
100. CN value of 0 indicates that the basin is highly permeable and the runoff is zero. CN 
value of 100 indicates that the basin can be considered impermeable and all rainfall 
becomes runoff. Higher runoff is expected for the same rainfall in a basin with a higher 
value of CN. 
Here, the methodology proposed by Ferrer et al. (1995) for the Spanish 
territory is adopted. For ungauged and small catchments, such as Louro and Traba, the 
best methodology for estimating the runoff includes estimating the curve number 
parameter. The runoff is affected by the soil moisture before precipitation. This method 
is based in the combination of the principal physical variables of the catchments (slope, 
land use and soil type). For that, a prime number is assigned for each characteristic of 
these variables, and then they are combined (multiply).The values in the resultant 
spatial layer (raster file) are the unique product between the three prime numbers.  
After that, using a tabular relationship between them in a GIS software is 
obtained a new spatial layer (raster) in which the values corresponding with the CN 
(Figure 2.4). 
According with the moisture content, three values of CN can be calculated: (1) 
CNI; for terrains with low moisture content; (2) CNII; if the terrain has average moisture 
content, and (3) CNIII; when the moisture content is high. A curve number calculated 
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following this methodology is estimated for average moisture values (antecedent 
humidity of soil) also known as CNII. The transformation to higher or lower antecedent 
humidity is made based on the correlation tables presented by Ferrer et al. (1995). 
 Factors controlling lagoon dynamics 2.1.3.
This section corresponds to the analysis of short-term scale (circa 2 years) of 
recent data (wind, rainfall, sea-level and water level) affecting the dynamics of the 
lagoon in both systems. 
Water oscillations within the lagoon and in the nearshore area were monitored 
at 5 min time intervals with Pressure Transducers (Seabird SBE 39 and AQUALogger 520 
PT). The pressure transducers were located in the inner part of the lagoon and in the 
nearshore area of the adjacent beach (Fig.2.3). The latter was used to monitor the 
influence of sea-level fluctuations in the water level in the lagoon. Additionally, some 
direct measurements of the elevation of the water table in the flooded areas of the 
dune-field were taken during high water levels. The water table was monitored (during 
10 months) in the sandy barrier of Louro to understand groundwater seepage rates and 
to establish the tidal influence in the lagoon under restricted conditions; when there is 
no communication with the open sea. A summary of the obtained data is presented in 
Table 2.2.  
The record of sea water level was analyzed using the program World Tides for 
MATLAB 7.1.0 (Boon, 2004). The tidal curves and residuals (storm tides/storm surges) 
have been obtained using the highest astronomical tide (HAT) and the lowest 
astronomical tide (LAT) datum determined by the application. Various tidal levels have 
been obtained from the data record (MW, MHW, MLW). Extreme and mean values of 
water levels were used for flooding simulations over the DTMs to identify flood-prone 
areas in the sand barrier. 
 
Fig.2.4. Layers used in the calculation of the CN using the method proposed by Ferrer et al. (1995) 
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Precipitation and wind datasets obtained from coastal meteorological stations 
close to the study area (Fig.2.3) were analyzed to evaluate water inputs for direct rain, 
runoff and the passage of storms as possible drivers of water fluctuations in the lagoon 
system. 
 
Table 2.2. Summary of the available data. 
 INFORMATION 
 TYPE OF DATA UNITS RESOLUTION 
TEMPORAL 
RANGE 
DATA SOURCE 
LO
U
RO
 
Rainfall l/m2 10 min mean 10/2009-7/2012 Meteogalicia 
Wind velocity m/s 10 min mean 10/2009-7/2012 Meteogalicia 
Wind direction ° 10 min mean 10/2009-7/2012 Meteogalicia 
Sea-level m 5 min mean 10/2009-1/2012 Pressure transducer 
Water level m 5 min mean 10/2009-7/2012 Pressure transducer 
Water table level m 5 min mean 6/2011-4/2012 Pressure transducer 
TR
AB
A 
Rainfall l/m2 10 min mean 12/2010-12/2012 Meteogalicia 
Wind velocity m/s 10 min mean 12/2010-12/2012 Meteogalicia 
Wind direction ° 10 min mean 12/2010-12/2012 Meteogalicia 
Sea-level m 5 min mean 1/2011-12/2012 Pressure transducer 
Water level m 5 min mean 12/2010-7/2012 Pressure transducer 
 
 
The monitored water oscillations were applied to the DTM using Global 
Mapper 13 software to identify the flood-prone areas of the dune-field during the 
lowest and the highest water levels recorded in the lagoon coupled with sea-level data. 
This information will help to understand the system dynamics and to delineate the more 
suitable areas for sand movement and/or vegetation growth. 
2.2. Recent evolution of the coastal systems 
The recent evolution study had been addressed in a decadal scale (since 
fortie’s). A set of aerial imagery was analyzed to qualitative and quantitative study the 
evolution of different sedimentary environments previously defined in both coastal 
systems. The results from this evolutionary geospatial analysis was crossed with the 
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meteocean data for the same time span with the aim to obtain which factors were the 
responsible for the observed coastal changes.  
 Multidecadal changes  2.2.1.
A set of aerial photographs consisting of orthophotos and hardcopy aerial 
images covering the time interval between 1945 and 2008, and with spatial scales 
ranging from 1:20000 to 1:5000, have been used to estimate changes in the extension of 
the dunes, reactivation and stabilization of the dune-field, and changes in the position of 
the shoreline. 
Photographs were digitized and processed using ArcGIS to produce 
georeferenced images (Table 2.1). At least 20 landmarks were identified on each 
photograph, accepting root mean square errors of < 2 m. The reference system used 
was ED50, UTM zone 29N. The entire systems were divided into different sedimentary 
environments and geomorphologic elements. The sedimentary environmens were 
identified and mapped in all aerial photographs to analyze the temporal changes in the 
surface of every unit. Temporal changes in the percentage of the vegetated dune unit 
were estimated relative to a fixed polygon that covers the entire system. The shoreline 
was mapped and analyzed using the tool DSAS (Digital Shoreline Analysis System) for 
ArcGIS (Thieler et al., 2009) to estimate the rates of shoreline advance and/or retreat. 
The vegetated dune foot served as the indicator of shoreline position. 
 Forcers of change 2.2.2.
Precipitation and wind series obtained from the A Coruña meteorological 
station (Fig.2.3) were used to characterize the climatic regime for the last seven 
decades. The dataset spans a time interval from 1940 to 2011 (6-hour interval record 
from 1940 to 1990 and hourly intervals from 1990 to 2011). This is the longest available 
dataset for NW Spain. A summary of the data used is presented in Table 2.3. 
The wind series served to identify the occurrence of storm events assuming 
that the passage of synoptic-scale storms is associated with strong winds (Lozano et al., 
2004; Clarke and Rendell, 2009). To characterize and identify storm events affecting the 
coast from wind data a three step methodology was adopted; (1) Extracting the values 
over a threshold value. For this, the methodology proposed by Lozano et al. (2004) to 
identify coastal storms based on the “peak-over-threshold” technique was applied; the 
threshold value adopted for the NW Iberian peninsula was 7.6 m/s; (2) selecting the 
wind data corresponding to the SW direction. The characteristic approach direction of 
the wind during a storm in the NW Iberian peninsula is from the SW, with higher 
occurrence during winter (December to March) (Martínez Cortizas and Pérez Alberti, 
1999), and (3) extracting the events at least 48 hours long.  
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Therefore, the number of storm events per year the mean length and the 
mean wind velocities of these events were obtained. Overall trends were obtained from 
these time series by smoothing the data using running averages. The annual mean of 
wind velocity and the mean of total precipitation during winter (defined here as 
December-January-February-March, DJFM) were obtained. Additionally, the winter 
North Atlantic Oscillation (wNAO) Index was downloaded from the Climate Analysis 
Section of the National Center for Atmospheric Research, which corresponds to the 
index obtained by Hurrell (1995). Here the positive mode phase was characterized by 
index values above 0.5 while the negative mode of the NAO corresponded to index 
values below -0.5. These data were correlated with the local climate dataset. 
Shear velocities based on the law of the wall (Von Kármán, 1930) were 
estimated. For this, we can assume that the wind velocity at the height of 10 m in the 
study area is comparable to the raw data recorded in the meteorological station. The 
resultant shear velocities were smoothed using running averages for a better 
visualization and interpretation. With the aim to evaluate the potential sand movement 
in the dune areas the obtained shear velocities were compared with the theoretical 
threshold shear velocity values. We used the values suggested by Liu et al. (2006) for 
different grain sizes.  
 
 
The wave climate was analyzed using wave data from the closest WANA and 
SIMAR-44 points (numerical model data based on carefully reconstructed information -
reanalysis product- developed by Puertos del Estado; Fig.2.3). These datasets are 
Table 2.3. Summary of the datasets used in this chapter. 
 INFORMATION 
 TYPE OF DATA UNITS RESOLUTION 
TEMPORAL 
RANGE 
DATA SOURCE 
LO
U
RO
 A
N
D 
TR
AB
A 
Wind velocity m/s 6 hour/hourly 1940-2011 AEMET 
Wind direction ° 6 hour/hourly 1940-2011 AEMET 
Rainfall l/m2 6 hour/hourly 1940-2011 AEMET 
Wave height m 3 hour 1958-2011 Puertos del Estado 
Wave direction ° 3 hour 1958-2011 Puertos del Estado 
Wave period s 3 hour 1958-2011 Puertos del Estado 
wNAO  annual 1940-2011 NCAR 
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obtained from simulations within the national system of wave climate prediction and 
will be used here to provide longer observations representing conditions of open and 
deep waters. The WANA dataset spans from 1995 to 2011, while the SIMAR-44 spans 
from 1958 to 2002. These datasets were later correlated with the geomorphological 
changes observed in the aerial photographs of both systems. 
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3. Results 
3.1. Geospatial analysis of the modern systems  
The geomorphological data analysis defines the present morphological 
features and the geomorphological settings in the different physiographic coastal 
sectors (Louro and Traba). Combining geomorphological surveys with the analyses of 
spatial data (e.g. aerial photos, DEMs, geologic maps) it was also possible to define their 
historical changes. 
 Geomorphological settings  3.1.1.
The characterization of existing environments in Louro and Traba derives from 
field observations during the campaigns combined with the recent aerial photographs 
and LiDAR DTMs. The results are presented in the following sections. We have also 
analyzed surficial sediment samples collected in the different sedimentary 
environments. 
3.1.1.1. Louro barrier-lagoon 
The sedimentary environments and geomorphologic elements of Louro have 
been identified and mapped using the aerial photography of 2008 and the DTM 
obtained from the LiDAR dataset (Fig.2.5). The system is formed by a 1.5 km-long sand 
barrier with a high-energy exposed beach and an irregular vegetated dune ridge with a 
maximum elevation of 16 m above ADS. Several aeolian corridors (grey arrows in Fig.2.5) 
connect the beach and the back-barrier area.  
The beach is formed by siliciclastic sediments and shell fragments ranging from 
medium sand in the dune foot to slightly coarse sand sizes in the lower part of the beach 
profile. The grain size increases in the lower foreshore after a storm event. At the 
foreshore is common the presence of ridge and runnel topography associated with sand 
bar development. The runnels remain wet at low tide, restricting aeolian sand transport 
to the higher parts of the intertidal zone. 
The corridors are unvegetated deflation surfaces, typically covered with small 
ripples formed by winds and a layer of shells at the surface. The presence of some 
patches of opportunistic vegetation allows the formation of incipient dunes during 
summer season if wind conditions are favorable. These incipient dunes are eroded 
during flood events in winter season.  
The irregular dunes are formed by moderately sorted medium sand with signs 
of wind transport, including ripples, enriched layers of heavy minerals or gravel lags 
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resulting from the concentration of shells by deflation. The dune-field is partially 
covered by opportunistic plants that favor dune stabilization, such as, Amophila arenaria 
sp. and Cakile maritime sp. 
The back-barrier area is occupied by a set of vegetated, inactive and coalescing 
washover fans and a brackish coastal lagoon. The washover sediments are characterized 
by poorly sorted sand to gravel sediments composed of silicilastic sands and fragments 
of rocks and shells. The accumulation of organic matter within these deposits is due to 
their colonization by vegetation during periods of inactive overwash processes. 
The lagoon is very shallow and intermittent (almost dry in the summer) for 
most of its surface but for its innermost part where the water depth reaches 2 m during 
high levels when the water depth at the shallower areas is around 0.5 m. The nature of 
 
Fig.2.5. A. Geomorphologic elements in Louro barrier-lagoon system. B. Interpretation of the flood-tide 
delta and the inlet area. 
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lagoonal sediments is rather diverse because of the different sediment sources and 
sedimentation mechanisms. On one hand, sediments are carried in by wind related 
processes. The medium grain size is fine to medium sand; sourced by the dune. On the 
other hand, sediment particles carried in by rivers are represented by muddy sand and 
organic matter. In addition, the presence of carbonate sediments is due to the presence 
of skeletal remains from organisms living in the lagoon and in the offshore areas and 
transported into the lagoon through the inlet. The vegetation in the lagoon is a 
significant source of organic matter. 
An ephemeral inlet develops on the northwestern margin of the beach (Fig.2.5, 
B) that remains closed most of the year forming a blind channel connected to the lagoon 
but isolated from the sea by the construction of a robust beach berm. Outflow by the 
inlet only happens when the inlet breaching occurs. This is further explained in section 
3.1.3. 
A flood-tidal delta appears associated to the inlet, with several distributary 
channels and sand lobes formed by prograding mouth bars (Fig.2.5, B). The sediment in 
the delta is relatively heterogeneous. The delta lobes consist of muddy and medium 
sand with shell fragments. The distributary channels are filled with coarser material, 
generally mixed carbonate and siliciclastic medium sand grains with some pebbles and 
abundant mud clasts, derived from the erosion of adjacent, finer-grained, interlobe 
areas. Shell fragments have mainly marine origin and are transported from offshore 
areas, the beach and local rocky outcrops. Mixing with local faunas may occur frequently 
(mostly small gastropods and bivalves). Abandoned channels are filled with mud and 
organic-rich sediment derived from the local plants. Delta sediments are finer distally 
towards the middle and deeper part of the lagoon. 
Most of the flood-tidal delta deposits come from the inland migration of sand 
bars through the open inlet (Fig.2.6). The sand is transported through the inlet in the 
rare occasions that the inlet is opened. However, other processes may operate in this 
area contributing sand to the flood-delta. At present, some bar migration occurs by 
overwash during extreme storms, when the setup overpasses the beach berm with a 
supercritical flow, which develops because of the high slope from the berm toward the 
lagoon. When the wind approach direction is from the west and the spring tides are 
high, the waves overtop the berm and transport material into the inlet. Later on, if the 
inlet breaches, the free inflow of the rising tide redistributes the sand further inside the 
lagoon by distributary channels. 
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The analysis of the morphometric parameters, derived from field observations 
and the 24 profiles obtained from the LiDAR DEM (Figs. 2.7 and 2.8), allows dividing 
Louro barrier in three sectors. The first sector includes the profile 1 to the profile 4, see 
Fig.2.3 for location. This is the area where the beach-dune complex is attached directly 
to the mainland and the aeolian forms are scarce or dispersed over the rock outcrops. 
The inlet crosses obliquely this sector deeply interfering barrier dynamics of. As the 
profile 4 lies at northern end of the barrier where the inlet usually breaches there is no 
further development of the dunes. However, in this profile formed a frontal dune 6.5 m 
ADS high. The beach, in this sector, is about 50 m wide (distance between MW and 
MHW, the other distances cannot be calculated because of the water covering the 
underling topography), slopping at an average of 3°. 
The second sector includes profiles 4 to 16. In this second sector, the dune 
width is close to 150 m and the barrier is separated from the mainland by the lagoon. 
The frontal dune is 6.7 to 13 m ADS. Exceptions are transects 7 and 8, which cross 
aeolian corridors. The maximum seaward height of these corridors is close to 5.5 m 
preventing marine inundation during major storms. The beach width increases to the 
south from values around 30 m to values close to 80 m in profile 12. Following south 
from this position the width declines to values around 40 m. Besides, the beach slope 
present the opposite pattern, with maximum values in both extremes, up to 4.3°, and 
minimum values in the central site, close to 2°. 
Along the third sector (from transect 17 to 24) the dune width and the number 
of dune crests increase southwards, reaching values of 300 m in width and having an 
irregular topography with until 5 crests in the same dune. These crests are the result of 
wind erosion. The frontal dune crest heights range from 7 to 16 m ADS with higher dune 
crests inland. The adjacent beach has a variable width due to two parallel systems of 
beach cusps, leading to a longshore variation in the beach topography, which in turn 
prevented estimating morphometric parameters in the beach for the last transects. 
 
Fig.2.6. Sand bars through the inlet. Dashed white line delimitates the flood-tide delta. 
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Fig.2.7. Longhshore variation for the selected morphological parameters along the Louro barrier. Profile 
positions are shown in Fig. 2.3 
48 
Geomorphology and dynamics of modern systems and Multidecadal evolution                 
 
Fig.2.8. Examples of the profiles extracted from the LiDAR DTM in Louro. 
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3.1.1.2. Traba barrier-lagoon 
The combined use of the DTMs derived from LiDAR data (2010) and the last 
aerial photograph (2008) allows generating a map with the sedimentary environments 
and the principal geomorphological elements (e.g. foredune, blowouts, dune slacks, 
beach cusps) in Traba (Fig. 2.9).  
This coastal sedimentary system consists of a 2 km long sand barrier with an 
average width of 350 m and a NE-SW orientation. The seaward region of the barrier 
comprises a wide beach with well-developed beach cusps. Beach sediments are mainly 
composed of quartz, though some fragments of shells and feldspar grains can be found 
in minor proportions. Several dune morphological types are presented in the Traba 
system including foredune ridges, secondary dunes and blowouts. Embryo dunes form 
seaward of the foredune due to the accumulation of aeolian sand in the southern part of 
the system. The entire dune-field is primarily composed of siliciclastic medium sand 
(quartz and feldspar) and a minor proportion of sand-sized shell fragments. Inland of the 
foredune crest, large vegetated depressions and dune slacks, located 3 m above ADS, 
 
Fig.2.9. A. Geomorphological elements in the Traba system. B. Detailed map of geomorphological elements 
in the barrier area.  
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separate the lagoon from the present shoreline. Blowouts are present both in the 
foredune and within the inland dunes. Five active blowouts were identified in the 
central axis of the dune-field (grey arrows in Fig.2.9, A). 
Two principal fluvial streams feed the shallow (maximum water depth around 
2 m) freshwater lagoon, which is connected to the open ocean through a 1 km long inlet 
running parallel to the north of the sand barrier. The lagoonal sediments are organic- 
rich mud with thin intercalations of aeolian sands.  
A detailed map of the geomorphological elements in the sand barrier is 
presented in Figure 2.9, B. The foredune (orange), is cut by an active trough blowout 
aligned NNE to SSW. At the low-lying areas, some dune slacks, several inactive blowouts 
and an elliptical, active saucer blowout, aligned approximately ENE to WSW (Fig.2.10) 
are presented.  
Figure 2.11 shows the longshore variation in selected morphological 
parameters. The LiDAR data allows calculating the different beach width and slope 
proposed in the methodology. Analysis of the cross sections derived from LiDAR allows 
dividing the Traba system in three sectors. The first sector includes profiles 1 to 6 (see 
Fig. 2.12), characterized by the absence of dunes in the upper part of the shore profile. 
This section is affected by the inlet dynamics. The beach, in this section, presents his 
maximum extension, with values up to 220 m, slopping at an average of 2°, considering 
 
Fig.2.10. Active saucer (left) and trough (right) blowouts in the Traba dune-field. Source: 
http://www.xunta.es/litoral/web/index.php/descargables 
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the distance between ADS and MHW.  
The second sector extents to profile number 28. The dune width increases to 
the south from 80 to 385 m. The frontal dune is 8 to 12 m ADS high. The variability in the 
distance between the MHW and the frontal dune crest reflects the sinuosity of the base 
of the dune apparent also in the rhythmic cusps observed in the beach.  
Profiles 27 and 28 deserve an especial attention. These profiles correspond to 
the area occupied by a trough blowout (Fig. 2.10). The beach width remains relatively 
stable, with average values of 67 m (ADS-MHW). However the beach slope values 
present a peak between the profiles 12 and 15, reaching values up to 6.6° considering 
the distance between ADS and MHW. The highest values reached up to 11 and 12° when 
the distance between MW-MHW and MLW-MHW respectively is considered. After that, 
the beach width decreases and the beach slope increases to the south. 
The third section extends from profile 29 to the southern end of the coastal 
barrier. In this section the dune reaches its maximum width with values close to 500 m, 
between profiles 29 and 32. The width decreases further inland due to the human 
occupation of the inland dune area as croplands. This section has a higher dune crest 
inland with values close to 20 m. The height of the frontal dune crest decreases to the 
south; otherwise, the distance between the MHW and the frontal dune crest increases. 
The beach fronting these dunes maintains the width mean value observed in the 
previous sector, but the slope decreases around 1-2°.  
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Fig. 2.11. Longhshore variation in selected morphological parameters along the Traba coast. Profile 
positions are shown in Fig. 2.3 
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Fig.2.12. Examples of the profiles extracted from the LiDAR DEM in Traba. 
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 Morphology and geology of the catchments 3.1.2.
All the rivers flow seawards, towards their confluence in the coastal lagoon 
area in both Louro and Traba. However, none of the principal streams are affected by 
the tidal influence. 
The Louro catchment (Fig.2.13) presents a basin area of 4.57 km2, with a mean 
basin slope of 0.19 m/m and a mean elevation of 89.45 m. The drainage network has a 
marked torrential nature except for the Rego dos Longarelos tributary, which is the only 
one with water running during most of the year. The maximum flow distance is    
3850.49 m.  
The areal percentage of plutonic rocks in the catchment area is 12.58%, 
18.83% of metamorphic rocks and 68.59% of sedimentary (quaternary) rocks.  
The Traba catchment (Fig. 2.14) presents a basin area of 10.63 km2, with a 
mean slope of 0.22 m/m and a mean elevation of 125.53 m. The drainage network is 
formed by two principal rivers: Rio de Traba and Rego do Rio Vao flowing into the Traba 
Lagoon. The maximum flow length is 5839.51 m. At the northern side of the beach some 
 
Fig.2.13. Louro catchment and drainage network. 
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torrential streams flow into the beach during rainfall events. The catchment is 
composed by 47.23% of plutonic rocks and 52.77% of sedimentary (quaternary) rocks. 
 
Fig.2.14. Traba catchment and drainage network. 
Table 2.4 summarizes the results for the curve number analysis for Louro and 
Traba. The results indicate that the catchment area of Traba is slightly more 
impermeable than the Louro catchment area. In both cases when antecedent humidity 
is high, the water retention in the drainage basin is low (CNIII values 75-82). This fact 
implies that under conditions of high rainfall the surface runoff is high, increasing the 
potential of erosion and producing terrestrial sediment inputs to these coastal systems. 
 
 
 
Table 2.4. Mean curve number. 
 CNI CNII CNIII 
LOURO 36 57 75 
TRABA 45 66 82 
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 Lagoon dynamics 3.1.3.
The results presented in this section are not only relevant to establish the 
lagoon dynamics but have also a direct impact over the conclusions on barrier evolution 
and have to be considered as important drivers of changes in the whole system. 
Figure 2.15 shows the record of 2-year of sea level oscillations from a pressure 
transducer (PT) located offshore (observed and residual water levels), 3-years of water 
level change in the lagoon and 7-months of water table leveling at Louro. In addition, 
this figure shows the rainfall and wind regime during the complete study. The results 
indicate that the mean water level in the lagoon is around 2 m ADS. The mean high 
water (MHW) is 3.8 m ADS, reaching values of 4.6 m ADS during storm events. The mean 
water level (MW) is 1.9 m ADS and the mean low water level (MLW) is 0.5 m ADS. 
During the wet season, the persistent rainfall gave way to the elevation of the 
water level in the lagoon. The maximum water elevation recorded in the lagoon is 
around 4 m ADS, and coincides with the passage of storms documented by an increase 
in the value of the residuals, rainfall and wind velocity. In addition, residual sea levels 
(orange line, Fig.2.15) are coincident with strong rainfalls and strong SW winds. Under 
these conditions, the water level in the lagoon may coincide, both in time and in 
magnitude, with the high sea water level in the adjacent nearshore (highlighted by the 
blue bands in Fig. 2.15). If this condition is reached, the lagoon may connect with the sea 
through the breaching of the barrier and the formation of an ephemeral inlet (Fig.2.15). 
Once the lagoon is opened and connected to the sea, the water level drops (1-2 meters) 
in 8-12 hours. The lagoon remains opened usually for 4 to 15 days (Fig. 2.15, E). When 
the lagoon is opened, the water level in the lagoon oscillates with tidal fluctuations due 
to the free tidal flow through the inlet into the lagoon. Alternatively,Pérez-Arlucea et al. 
(2011) have observed that the marine water inflow may happen during spring tides in 
winter when the high tide overpasses the berm. Under these circumstances, a strong 
water slope is created from the berm towards the lagoon promoting sand transport 
from the barrier towards the flood tidal delta. 
By contrast, when the inlet is closed, the water level in the lagoon is more 
stable and decreases slowly in the summer season due to evaporation and phreatic 
seepage. The water elevation in the lagoon during the dry season is close to 2 m ADS. 
Regardless of the water elevation in the lagoon, if the lagoon is isolated from open sea, 
the fluctuations of both records (water level and water table) show centimeter 
oscillations due to the tides. This fact is an indicator of the seepage connection between 
the back-barrier area and the open sea during the entire year. 
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Fig.2.15. (A) Obseved sea-level (gray), residual of sea-level (orange), water fluctuations in the lagoon (black) 
and water fluctuations of water table (blue), in Louro system. (B, C and D) Metereological record from the 
Corrubedo metereological station during the same period (rainfall, wind direction and wind velocity). Blue 
bands show the most significative events of inlet opening (1 to 6). (E) Detailed graphs of 5 opening events.  
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Figure 2.16 summarizes around 2-years record of sea level (observed and 
residual) and lagoon water level in Traba. Additionally, this figure shows the rainfall and 
wind record during the complete study time period, during which the mean water level 
recorded in the lagoon was around 2.3 m ADS. The mean high sea water (MHW) is 4.4 m 
ADS, reaching values of 4.7 m ADS during storm events (high rainfall, strong SW winds). 
The mean sea water level (MW) is 2.37 m ADS and the mean low sea water level is 0.43 
m ADS. 
 
Fig.2.16. (A): observed sea-level (gray), residual of sea-level (orange) and water fluctuations in the 
lagoon (black) in Traba. (B, C and D): Metereologicalrecord from the A Coruña metereological station 
during the same period. Blue bands shows periods of rising water into the lagoon. 
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In contrast with the pattern observed in Louro, the data from Traba water level 
shows fewer oscillations with the water level remaining very stable through time with 
values close to 2 m ADS (around MW). Persistent rainfall provokes the elevation of 
water level in the lagoon to 3 m ADS during the wet season (blue bands mark some 
periods of high water level elevation in Fig.2.16). The higher water levels in the lagoon 
are coincident with storm evens (from residual and rainfall data). These situations use to 
last only a couple of days probably because a small inlet is rapidly reactivated within the 
northern part of the beach due to the erosive effect of storms. The latter suggests that 
the inlet is almost permanent being opened more frequently than closed. The inlet 
appears to be closed by the temporal accumulation of inland bars welding the beach 
and forming a berm that with the rise of the water table in the beach (forced by the rise 
of the tides and the rise of the water level in the channel) is rapidly eroded. 
 Simulating water level oscillations 3.1.4.
Flood simulations with variable tidal and water levels in Louro lagoon are 
presented in figure 2.17. Low water levels are around 2 m ADS. During summer, the 
lagoon is almost dry and the water is restricted to the inner parts of the lagoon. When 
the water level rises, due to rainfall inputs, the lagoon is flooded quickly due to its flat 
topography (Fig. 2.17, left). If rainfalls persist, the lower parts of the barrier (i.e. aeolian 
corridors) get flooded. The beach berm (usually formed above 4 m ADS) prevents the 
sea water inflow into the lagoon (Fig. 2.17, center) if sea water level remains low. 
However, as sea water level rises during spring tides plus storm conditions (Fig.2.15), sea 
water elevation reaches and overtops the berm. 
 
Fig.2.17. Flood simulations for Louro. From left to right an increase in the water elevation from 2,2 
(common level in the lagoon) to 4 m is represented over the DEMs (extreme water levels in the lagoon). 
Elevations are referred to ADS. 
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When the water level in the lagoon reaches its maximum elevation (4 m, Fig. 
2.17, right), the inlet opens creating a sudden outflow. While the inlet remains open and 
the water level within the lagoon has dropped, the sediment is transported inland 
through the inlet in the form of sand bars during high tides. The presence relatively high 
dunes reduce the flooded area. 
Figure 2.18 shows flood simulations with variable tidal elevations and water 
levels in Traba. During most of the year the water level in the lagoon remains constant 
(2 m above ADS) and the lower parts of the barrier are dry. However, if the water level 
in the lagoon reaches extreme values (around 3 m ADS) due to peak rainfall inputs 
during storms, the lower parts of the dune-field are flooded. This implies episodic 
inundation of the low areas during the year, which in turn reduces the available areas 
for sand motion by the wind. Thus, sand movement in the dune-field should be 
restricted to the highest areas, above 3 m ADS. Flooding simulations show that the 
lower areas in the dune-field were only flooded during extreme values of standing 
waters in the lagoon. This fact implies that the moisture content in the study area is 
influenced by the water level in the lagoon. These areas are prone to flooding when the 
water rises to extreme values (Fig.2.18) keeping high moisture content after water table 
fall favoring vegetation expansion. The lower beach topography in the inlet area favors 
the frequently opening of the inlet and the rapid clousure when the sand bars migrated 
inland from the shoreface forming the beach berm. 
 
 
Fig.2.18. Flood simulations for Traba. From left to right: increase in the water table from 2 m (common 
level in the lagoon) to 3 m. (extreme water levels in the lagoon). 
3.2. The last six decades of change 
The recent evolution of Louro and Traba systems has been approached 
mapping the identified sedimentary environments in the aerial photos of the last 70 
years. Therefore, it was possible to reconstruct the temporal changes of these elements 
as follow. 
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 Louro barrier-lagoon 3.2.1.
The first available flight dates of 1945 (Table 2.1). The aerial photographs lack 
the needed quality for mapping the different environments, though they show a wide 
sand barrier with reduced vegetation in the dunes. The aerial images of 1956, 1971, 
1983, 1999, 2003 and 2008 were selected to show the geomorphological changes in the 
system (Figure 2.19).  
The study of aerial images over the period of 1956-2008 reveals important 
changes in the vegetation cover and washover deposits (Fig.2.19). The general trend of 
the system has been characterized by a stabilization of the sand barrier by vegetation 
and the restriction of the connection between the sea and the lagoon. 
The vegetated area increased from a 9.16% in 1956 to a 24.02% in 2008. The 
vegetation growth and fixation of dunes is particularly obvious in the southern sector of 
the system since 1999. The extension of the lagoon decreases over the time. In 1999, a 
small bayhead delta was established at the inland north side of the lagoon, which 
increases in size between 1999 and 2008. It developed at the outlet of the river Rego do 
Longarelos. 
The ephemeral inlet, located in the north end of the barrier, was opened in 
1956, 1971 and 1983. Until 1983 the inland side of the barrier was characterized by a 
large and non-vegetated zone of washover fans narrowing towards the south. These 
sediments were transported through temporary overwash channels that today 
correspond to the active aeolian corridors identified in the north (Fig. 2.5). In 1999, the 
washover fan and back-barrier area appear highly vegetated and the remaining 
overwash channels turn into aeolian corridors.  
The instability of the system until 1999 is reflected in the trend of the 
shoreline, which showed retreat rates around 1.2 m/yr between 1971 and 1983. 
Following this retreat episode, the shoreline advanced until 1999 when stabilized at its 
present position.  
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Fig.2.19. Aerial photographs and interpretations showing the changes in Louro from 1956 to 2008. The 
white line marks the limit between the permanent and seasonal flooded area in the lagoon. 
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 Traba barrier-lagoon 3.2.2.
The interpretation of all the aerial photographs from 1945 to 2008 of Traba is 
represented in Figure 2.20. The aerial photographs display a clear increase in the 
vegetation cover between 1957 and 2008.  
In the available aerial imagery the inlet area was flooded, but only in 1971 and 
1985 the connection with the sea is observed. Changes in lagoon extension are 
observed, showing a general trend to reduce the flooded area while raising the marsh 
area. The first available flight dates from 1945 and shows a significantly evolved 
vegetation cover following a southwest lineation that represents approximately 34% of 
the total dune-field area. The lagoon has two drainage channels running parallel; one is 
coincident with the present one while the second crosses the barrier. 
A large percentage of the vegetation disappeared in 1957 reducing the total 
area of the vegetated dune to only 27% of the total dune-field area. Unfortunately, the 
shoreline in 1957 could not be identified and mapped; therefore, the shoreline change 
was calculated between 1945 and 1971. During this period a retreat of the shoreline at a 
rate close to 0.7 m/yr was estimated. Between 1971 and 1985 a new shoreline retreat 
with values around 0.2 m/yr occurred. In the 1985 aerial photograph, it was possible to 
identify the flooding of the lower areas of the dune-field and the development of 
erosive scarps in the frontal dune. Finally, it is worth highlighting the gradual vegetation 
expansion from 1957 to 2008 covering approximately 77% of the total dune-field 
surface.  
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Fig.2.20. Aerial photographs and interpretation showing the decadal trend in Traba system for the period 
between 1945 and 2008. 
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 Variability of the external drivers 3.2.3.
The analysis of metocean forcing factors combined with the results of available 
spatial information provides a better explanation for the observed recent trends in both 
systems. The data set from A Coruña metereological station was used to analyze the 
occurrence of storm coastal events and the winter long-term trend in precipitation and 
wind speed. In addition, winter NAO index was plotted for the same time span with the 
aim to correlate the wind-field regimes at local scale with a regional (North Atlantic) 
climate parameter. 
The analysis of the frequency and magnitude of coastal storms allows the 
identification of a period of relatively higher occurrence of storm events before the early 
sixties (Fig. 2.21a). The occurrence of values above a defined wind velocity threshold 
during consecutive years is indicative of frequent and enhanced storms. These storm 
events were characterized by longer duration (Fig. 2.21b) and high values of wind speed 
(Fig. 2.21c). A second period after 1960 was characterized by less frequent storm events 
with shorter duration (Fig. 2.21a and b) and lower mean wind velocities (Fig. 2.21c). 
During the nineties storm frequency was very low. The same periods identified in the 
results of the storm analysis could be easily pinpointed in the mean wind velocity during 
winter months (Fig. 2.21d).   
Figure 2.21d shows the variability of the winter wind mean velocities, which 
can be divided in two principal periods with distinctive wind regimes: 1) a period 
between 1940 and 1960 was characterized by high values of wind speed and variability 
and 2) a second period after 1960 characterized by lower peak values and variability. 
Wind velocity gradually decreased until 1970s, afterwards it remained low.  
The precipitation record does not show clear trends (Fig.2.21e). Yet, some 
precipitation peaks were observed that are coincident with the high storminess periods 
identified using the wind raw data record (Fig.2.21a). 
To sum up, the higher occurrence of storm events and the highest values of 
wind speed and variability occurred up to the early 60’s; since then storm intensity, wind 
speed and variability were lower. However, most of the wind speed changes in A Coruña 
station present a slight correlation with shifts in the winter NAO index. Indeed, the 
majority of the peaks identified in the precipitation record are coincident with negative 
phases of wNAO index (Fig. 2.21, f). The prevailing wNAO index from 1930 to 1970 were 
low to negative and from 1970 to 2010 prevailing wNAO index shifted to higher and 
positive values. The variability of wind speed values and the storm events appears 
smaller for high values of wNAO than for negative and low wNAO values. Yet, it was not 
possible to correlate all observed changes in winds with shifts in the wNAO index, 
suggesting a more complex relationship. 
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Fig.2.21. (a) to (e) Climatic data 1940-2011 (71 years) from A Coruña station. (a) to (c) The points are the 
raw data and the lines represent the running average. (a) Total number of storm events (b) Averaged  
duration in hours of the identified storms events (c) Averaged wind velocity of the storm events. (d) Winter 
mean wind velocity. (e) Averaged rainfall for winter. (f) Winter NAO index, red bars are indicative of positive 
value of wNAO; blue bars are indicative of negative wNAO; grey bars corresponds of wNAO values between 
-0.5 and 0.5. 
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Fig 2.22 shows a six months running average of shear velocities based on the 
law of the wall (Von Kármán, 1930), as well as, the theoretical threshold shear velocities 
suggested by Liu et al. (2006) for the entrainment of the local mean grain size (0.3-0.4 
mm). The variability of the estimated values of shear velocities during the study period 
can be grouped in three different periods: (1) higher values and variability than the 
theoretical threshold shear velocities for the entrainment of the local mean grain size 
until before 1960, (2) lower value of wind shear velocity between 1960 and 1990, 
though the wind velocity is still enough for sand entrainment, and (3) a sharp decrease 
in the shear velocity after 1990; during this period the threshold value is rarely 
exceeded.  
 
 
Fig.2.22. Wind shear velocity calculated using the raw data from A Coruña station. The redline indicates the 
theoretical shear threshold for the local mean grain size according to Liu et al. (2006) 
 
To analyze decadal trends of wave climate, data from the WANA and SIMAR-44 
points close to Louro (Fig.2.23) and Traba (Fig. 2.24) were used. The wave record near 
Louro (Fig.2.23) does not present significant trends for the period of time of interest 
(1958-2012). The significant wave height (Hs) is around 2 m, with an average period (Tp) 
of 10 s. Wave direction approach is from W and NW. In winter, the mean values of wave 
height may reach 4 m and the swell approaches mainly from W. By contrast, during 
summer the values are around 1.5 m with a dominant NW component. In the same way, 
none significant temporal trends have been identified within the wave record from the 
point close to Traba (Fig.2.24). The mean wave height values in this case are around 3 m, 
reaching 4 m in winter and around 2 m in summer. The values for the mean periods are 
around 10 s. Wave direction approaches from the N and NW.  
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Fig.2.23. Decadal wave parameters from the WANA and SIMAR-44 points close to Louro. Raw data are 
represented by points. The lines represent three month running average fits for each parameter. 
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Fig.2.24. Decadal wave parameters from the WANA and SIMAR-44 points close to Traba. Raw data are 
represented by points. The lines represent three month running average fits for each parameter. 
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4. Discussion 
4.1. Geomorphology and dynamics of the modern barrier-lagoon 
systems  
The coasts are complex and dynamic systems which morphology and evolution 
are influenced by a range of interactive variables. It is of great importance to establish 
basic and detailed information about the different coastlines to give a more precise 
picture of the present morphological features and the geomorphological settings, not 
only to provide the keys to understand the past evolution but also to improve the 
management of these areas. From the geomorphological analysis of both systems, it is 
possible to highlight some similarities and differences.  
The catchment areas present significant differences between Louro and Traba. 
Indeed, the Traba catchment area is twice than Louro (10.63 km2 vs 4.57km2). Another 
difference is the drainage network. Louro has a marked seasonal character and the 
torrential flows are very important. Otherwise, the drainage network of Traba is well 
developed, with two permanent rivers flooding into the lagoon. However, the potential 
runoff under high values of antecedent humidity has the same range of values for the 
two systems. These values indicate that water retentions in the drainage basins are low; 
under conditions of high rainfall the surface runoff is high increasing the potential of 
erosion and terrestrial sediment input to the coastal systems. However, the lithology 
and the erodibility of the soils in both drainage basins are low, which implies a very low 
potential of sediment supply to the coastal systems from the rivers despite high runoff. 
Louro was characterized by the presence of a coastal lagoon controlled by 
seasonal water level fluctuations, an intermittent inlet and a narrow and irregular 
reshaped dune-field. On the contrary, Traba is featured by a permanent coastal lagoon 
connected with the sea by an ephemeral inlet through a 1 km long drainage channel, 
both fronted by a wide and highly vegetated dune-field. Comparison of the beaches and 
frontal dunes of both systems was carried out considering the morphometric 
parameters derived from LiDAR. These parameters are graphically compared for each 
system in Fig. 2.25.  
A slight difference is observed in the relation of the beach slope and beach 
width between Traba and Louro (Fig. 2.25, a). In general, the frontal dune height in 
Louro presents a greater variability than in Traba. In Traba, the frontal dune height 
ranges between 6 and 10 m ADS forming a continuous frontal dune ridge. In Louro, the 
frontal dune is discontinuous with several aeolian corridors. The differences in distance 
between MHW and the maximum frontal dune crest height position (Fig. 2.25, b) are 
prominent; the dune front at Traba is relatively steep and Louro presents a fairly wide 
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range. Nowadays, the elevation of the frontal foredune prevents the overwash of the 
barrier in both systems. 
Beach width and beach slope (between MW and MHW) do not show any 
correlation with the frontal dune height (Fig. 2.25, c and d). The backshore width is 
smaller in Traba than in Louro while Traba has steeper profiles than Louro. The distance 
used to calculate both parameters (beach width and slope) is limited by the LiDAR data 
to the upper part of beach profile, and the results presented here do not reflect the fact 
that usually the beach shore profiles have two components, a steeper upper beach and 
a more gently sloping lower beach.  
When considering the tide regime versus wave height (Fig.2.26) both 
depositional systems can be included in the group of mixed-energy (wave dominated) 
coastlines according to the classification proposed by Davis Jr and Hayes (1984). Indeed, 
these mixed-energy wave-dominated barriers are located in an exposed shoreline 
(Fig.2.3). In mixed-energy coasts, wave and tidal processes are important in shaping 
coastal morphology, and the barriers on these coasts tend to be small. Davis and 
FitzGerald (2004) pointed that back-barriers in mixed-energy coasts are mostly filled and 
covered by marshes that are commonly incised by tidal creeks. Additionally, several tidal 
inlets and intertidal environments are frequent features within these coasts. Along the 
Galician coast several places, like Corrubedo or Carnota, fit better with the above 
description. But this is not the case for Traba and Louro, although these systems are 
 
Fig.2.25. Morphometric parameters for the beaches and frontal dunes at the both study sites. 
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included in the group of mixed-energy; the tidal effect is restricted to the beach area in 
Traba and in Louro only during storm events the tides can have an impact in the back-
barrier area. This fact diminishes the possibility of marsh development. 
The analyses of the 
water oscillation within the lagoon 
give us some insights about the 
dynamics and the role that the 
lagoons have in the system 
evolution. In Traba, water level 
within the lagoon does not 
oscillate with the tides. The width 
of the barrier, and the 
configuration of the channel, 
facilitates this situation preventing 
tidal fluctuations in the lagoon. In 
fact, the large extension of the 
drainage channel in the back-
barrier area, running parallel to 
the barrier until it connects with 
the lagoon, appears to buffer the 
effect of the tides. It appears that 
the water level in the lagoon only fluctuates during the wet season, at specific and short 
time periods of increased rainfall and storm surges (Fig.2.16). But, at the same time, the 
storm surges erode the beach and facilitate the opening of the inlet and the higher level 
in the lagoon is not kept for a long time. It is worth to mention that the mean water 
level in the lagoon is close to 2 m ADS, which matches the value of the mean sea level. 
This fact implies a relation between the sea level and the water level in the lagoon but 
restricted only to the mean water level without tidal influence.  
Water fluctuations in the Louro lagoon are more complex and play an 
important role in the overall system evolution, in particular during barrier breaching. 
The 3 year monitored period of the water level in the lagoon shows a clear seasonal 
behavior. During the wet season, the water level in the lagoon is regulated by rainfall, 
until a threshold of water level (about 4 m) is reached. In Louro, high spring tides were 
coincident in many cases with strong SW winds related to the passage of low pressures, 
provoking storm surges and high energy waves, which often erode the beach and 
promotes the inlet opening (Almécija et al., 2009; Pérez-Arlucea et al., 2011).  
When the lagoon connects with the sea via an ephemeral inlet a drastic drop in 
the water level occurs. During the connection phase, daily variations in the water level 
coupled with tidal oscillations are observed. Dussaillant et al. (2009) described a similar 
 
Fig.2.26. Comparison of the wave-versus tide-dominated 
classification of barrier coasts from Davis Jr and Hayes (1984). 
73 
Chapter 2                                                                                                                                               4. Discussion 
behavior, reporting two temporal scale patterns during the open phase: monthly (due to 
moon cycles) and daily (due to tidal cycles). In the study case, the open phase occurs 
only for a few days and the monthly pattern is not observed. When the inlet is closed, 
changes in elevation in the lagoon due to marine tides are only appreciable during 
spring tides and water interchange takes place mostly by phreatic leaking. The recorded 
data suggest that the inlet lifespan was determined by the climate and maritime 
conditions after the inlet opening. Cruces et al. (2009) described that the inlet lifespan is 
highly correlated with the initial lagoonal water level (before the artificial barrier 
breaching), which depends on the rainfall. In fact, these authors point out that the 
sealing of the inlet occurs in a period of days in dry years to months in rainy years.  In 
this case, the initial water level has a direct relation with the magnitude of the lagoonal 
prism, which in turn modulates the inlet section and therefore the inlet lifespan. In the 
study cases of Louro and Traba the inlet activity does not present a direct relation with 
the initial lagoon water. Indeed, in Louro the inlet longevity seems to be regulated by 
persistent rainfall and strong SW winds after the barrier breaching; and the opening is 
controlled by the relation between the water level in the lagoon and the beach 
topography. In the case of Traba, the inlet is almost permanent being opened and their 
aperture and closure are linked with the beach dynamics. 
There are several possible explanations for the different dynamics displayed by 
both coastal lagoons: (1) the width of the sandy barrier; (2) water inputs into the 
lagoons; and (3) shoreline orientation. Louro sand barrier is approximately 200 m 
narrower than Traba. This implies a higher capability for water storage in the sand 
barrier in the case of Traba and a more effective barrier defense against the oceanic 
influence. In addition, the Traba lagoon is fed by three permanent streams whereas 
Louro is only fed by torrential flows. Also, the shape of both basins is different. Indeed, 
Traba basin is small than Louro therefore the water storage in Louro is greater, prevent 
the permanent opening of the inlet. There is one additional and very important 
condition to have into account; the orientation of the shoreline. The Louro system, with 
a NW-SE trend, is more exposed to the SW winds than Traba, which shows an E-W trend 
being more exposed to the north winds. This fact implies a stronger effect of the storms 
and the associated swell over Louro than Traba beach. Indeed, in Louro is needed higher 
values of storm surges to provokes the barrier breaching than in Traba, in fact the 
residuals sea levels (storm surges) observed in Louro has more amplitude (Fig. 2.15) 
than in Traba (Fig. 2.16). 
4.2. Multidecadal evolution and recent trends 
The aerial photos do not provide enough coverage to explain all the observed 
geomorphological changes, which occurred in the systems, but the temporal resolution 
is sufficient to give us a full picture of most of the relevant changes which took place in 
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recent times. The recent evolution of the study sites was marked by discernible changes 
in the vegetation cover and system dynamics. A trend towards stabilization of dunes is 
observed in both systems with some discrepancies.  
The changes observed in the dune-field can be related to different episodes of 
aeolian activity. In the fifties the systems entered a phase of high dynamism. In the case 
of Louro, this phase is coincident with the occurrence of overwash through several 
corridors, breaching the dune-field (Fig.2.19). In Traba, this phase is coincident with a 
decay of the vegetation cover and the reactivation of the aeolian sand cover (Fig.2.20). 
Washover deposits are the result of an overelevation of the sea level relative 
to the sand barrier (Leatherman et al., 1977; Leatherman and Zaremba, 1987; Donnelly 
et al., 2004; Matias et al., 2008). In the literature, overwash processes are usually 
associated with storm events (Morton et al., 2000; Andrade et al., 2004; Dougherty et 
al., 2004; Stone et al., 2004; Ruiz et al., 2005; Costas et al., 2009; Dezileau et al., 2011). 
The storm events are responsible of strong onshore winds and energy waves promoting 
the overelevation of the sea level or storm surge and the subsequent inundation of the 
coastal barrier. Several morphological constraints affecting overwash occurrence and 
the dimensions of washovers had been enumerated in the literature including beach 
topography (Leatherman, 1976) and back-beach elevations (Morton and Sallenger, 
2003). However, dune elevation has been identified as the principal factor controlling 
overwash (Leatherman, 1976; Sallenger, 2000; Morton and Sallenger, 2003; Matias et 
al., 2008). Following these hypotheses, it can be speculated here that Louro topography 
was lower in the fifties owing to the occurrence of overwash. In the case of Traba, 
overwash processes during the last 70 years were not observed. However, the system 
suffered a reduction in the vegetation cover and in consequence an increase in the 
unvegetated dune-filed area was documented. Nowadays, in Traba, the elevation of the 
foredune ridge is around 6 m ADS (Fig.2.12), which stands above the maximum storm 
surge level (4.7 m) recorded in the study area (Fig.2.22) preventing the occurrence of 
overwash. 
An attempt has been done in the existent literature to link phases of dune 
building to oscillations in the relative sea level (RSL), which in turn may control sand 
supply. Some works support dune building during RSL fall, because of increases of the 
width of the emerged beach enhancing the transference of sand from the beach to the 
dune (Clemmensen et al., 1996; Wilson et al., 2001; Bauer and Davidson-Arnott, 2002). 
Conversely, some authors have observed enhanced sand supply from beaches to dunes 
during RSL rise (Aagaard et al., 2007; Szkornik et al., 2008). Yet, in all these examples, 
the increase of sediment supply was ultimately related to the effect that storms may 
have on coastal currents or windiness regardless RSL change (Clarke and Rendell, 2009).  
Here, we document a period of enhanced storminess before the early 1960s in 
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the NW of the Iberian Peninsula (Fig.2.21). This situation is coherent with the prevalence 
of persistent negative modes of the NAO index, which is the principal contributor for the 
resultant wind regime during winter. Under these conditions, remobilization of large 
volumes of sand in the beach occurs due to the passage of energetic storms and waves. 
In Louro, these conditions promote barrier erosion and overwash (Almécija et al., 2009; 
Pérez-Arlucea et al., 2011). For the Traba system, the passage of SW storms increases 
sand transfer to the shoreface. Storm winds provoke an increase of wave energy and in 
consequence the offshore-onshore movement in sand beach is increased and marked by 
the migration of bars welded to the beach. The latter may be ultimately be transferred 
to the emerged beach and become available to feed the dune-field. 
The results of wave parameters didn’t show significant changes at a decadal 
scale, and in consequence it was not possible to link changes in the NAO index or wind 
intensity to the wave climate. This fact could be related to the length of the used data 
sets, which for the case of the wave climate correspond to indirect or simulated time 
series beginning in 1958, close to one of the major shift observed in the wind velocity 
and NAO winter index. Indeed, previous works in the North Atlantic state that 
southward of 55°N the relation between the NAO index and the wave climate is not 
clear despite a positive correlation between wave periods and NAO index (Dupuis et al., 
2006; Dodet et al., 2010). The authors explain this relationship as a consequence of the 
northward displacement of the storm tracks coincident with higher values of the NAO 
index, which increases the distance travelled by the storm waves before reaching the 
eastern north Atlantic coast and in consequence the wave period. Alternatively, lower 
values of the NAO were associated with storms following a southward path that brings 
wetter weather conditions and shorter waves as the fetch is reduced because the 
storms travel closer to the central and southern European coasts (Dupuis et al., 2006).  
Following the period of enhanced storminess, the progressive expansion in the 
vegetation cover (in both systems) and the decrease in washover occurrence (in Louro) 
(Figs. 2.19 and 2.20) were coincident with a gradual deceleration in wind speed and 
storm occurrence (Fig.2.21). Since the beginning of the seventies, colonization of the 
dune-filed and back-barrier areas was observed These areas became more stable 
matching the trends observed in other coastal systems in the British Islands, NW of the 
Iberian Peninsula or in the Netherlands (Bailey and Bristow, 2004; Costas et al., 2006; 
Arens et al., 2008; Jackson and Cooper, 2011). However, the observed shift in the wind-
field regime cannot itself explain the progressive stabilization of the dune-filed. Wind 
speeds recorded since 1990, present seasonal peaks with sufficient kinetic energy for 
sand entrainment (Fig. 2.22). Therefore, other factors must be considered to explain 
dune stabilization, e.g. sand availability. 
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Sand availability in aeolian dunes can be controlled by the elevation of the 
water table, which has been suggested as a major contributor for dune fixation (David et 
al., 1999; Gutiérrez-Elorza et al., 2005). Water table oscillations change the moisture 
levels in the dune, controlling sand entrainment, which can only occur above a threshold 
value of elevation above the water table (Fig. 2.27). In Traba, the dune-filed was active 
before reaching the elevation threshold below which the dune was fixed. The decadal 
analysis of climatic data shows that the peaks in rainfall record correspond to storms 
events identified in the wind data (Fig. 2.21). This fact suggests that moisture changes 
were consequence of storm events in the area.  
Despite the remarkable trend to stabilization, between the early seventies and 
the middle eighties, both systems suffer a shoreline retreat, which was coincident with 
the passage of two well-documented hurricanes impacting the Galician coast.  
The tropical cyclone of 1978 caused two 
deaths and the destruction of several coastal 
infrastructures by high energetic waves 
accompanied by strong winds. The tropical 
cyclone Hortense hit land in 1984 provoking 
numerous casualties and the destruction of 
several constructions. This storm was responsible 
for winds faster than 200 km/h and torrential 
rainfalls. These events may have provoked an 
over-elevation of mean sea water level that could 
eventually explain the erosive scarps documented 
in 1985’s aerial photographs. Another important 
effect of the passage of these events in the 
coastal systems could be the rising of the water 
table in the dune-filed, which could flood the 
lower zones. Since then, vegetation expansion 
accelerated (Figs. 2.19 and 2.20). 
Alternatively, in the Louro, lagoon 
dynamics appear as an important factor 
interfering dune development. The water level 
oscillations provokes the flooding of the aeolian 
corridors are flooding and the dunes are laterally eroded. Additionally, the SW 
orientation of Louro makes this system more susceptible to the erosive effect of storms 
over the sand barrier preventing further dune-field progradation. 
 
Fig.2.27. Water table level vs dune activity 
modify from David et al. (1999) 
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In summary, it has been noticed that aeolian dune activity depends on sand 
supply from external sources (i.e. the adjacent beach) and/or the availability of sand 
within the system. In addition, in both systems, like in other areas of SW Europe, climate 
variability inducing weaker and less frequent storms which can be claimed as the more 
likely reason to explain a decrease in the sediment input to the system and, in 
consequence, the expansion of the vegetation cover. Indeed, the episode of aeolian 
dune reactivation documented in Traba and the high washover dynamics in Louro in the 
fifties are apparently the result of a series of 
processes triggered by enhanced storminess. 
However it is not clear which is the cause for 
this climate variability and which are the 
factors modulating this shift. This question 
will be addressed in the next chapter. 
Finally, it is worth to mention that 
the vegetation cover can control sediment 
availability within the dune. In this regard, 
Tsoar (2005) proposed a hysteresis curve that 
expresses that once the dune is stabilized, 
destabilization requires much more energy in terms of wind stress for vegetation 
destruction than what was needed for dune fixation (Fig. 2.28). This fact could help to 
explain the stabilization of the sandy barriers under the present conditions of reduced 
wind power and vegetation expansion 
 
 
Fig.2.28. Hysteresis curve from Tsoar (2005) 
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5. Conclusions and Implications 
In this chapter, we have paid attention not only to the physical settings and the 
geomorphologic elements present in the selected coastal barrier-lagoon systems (Louro 
and Traba), but also to the processes controlling their morphologies and evolution. 
Orientation and lagoon dynamics appear as the major constraints in the Louro evolution. 
SW orientations expose the systems to the storms reaching the Galician coast and make 
the systems more vulnerable and fragile. Nowadays, lagoon dynamics present a 
seasonal behavior controlled by the storm events (rainfall and storm surges). In the case 
of Traba, the orientation plays an important role sheltering the system from the SW 
storms. The system is more stable with a well-developed dune-field backed by a fresh 
water lagoon. In Traba the elevation of the foredune ridge prevents the occurrence of 
overwash.  
Regarding the multidecadal evolution of both systems, a general trend towards 
stabilization is observed in both systems in the last decades. In the 1950s an increase in 
dynamics was recorded in both systems, with a marked aeolian activity in the dune-filed 
at Traba and an increase of washover deposition in Louro. In both cases the triggering 
factor was the passage of the SW storms, which are ultimately related to the negative 
phases of winter NAO index.  
The progressive stabilization of the system coincides with a period of wind 
speed deceleration. The stabilization is represented by a gradual expansion of the 
vegetation cover and a reduction of the washovers. A shift in the climatic conditions 
inducing weaker and less frequent storms was proposed as the more likely reason to 
explain the gradual stabilization of the systems in recent times. However, the factors 
modulating this climate shift remain unknown, and will be subject to further studies. 
 
79 

CHAPTER 3
C������ ������� 
������������� ��� 
C�� ��� �����������

Coastal barrier stabilization and Climate variability                                                                                  ABSTRACT 
ABSTRACT 
Dunes in temperate latitudes have experienced a significant stabilization in 
recent times, essentially because of the expansion of a dense vegetation cover. Yet, the 
causes for this gradual stabilization as well as the causes promoting antecedent aeolian 
mobilization remain poorly understood. The Traba coastal dune-field, located in NW 
Spain, was examined to explore the causes inducing aeolian activity and subsequent 
stabilization since 1940. Morphological changes were identified through the 
combination of aerial photographs and geophysical techniques. Local wind-field regimes 
were simulated using a regional climate model to obtain the variability of the most 
relevant modes of atmospheric circulation in the North Atlantic and European regions; 
North Atlantic Oscillation (NAO), Eastern Atlantic (EA) and Scandinavian (SCAND). This 
allows us to link these circulation modes to a particular morphological change within the 
coastal system. Results document an episode of aeolian activity during the 1950s 
followed by a gradual stabilization and fixation of the dune coincident with a decrease 
on storm and wind intensity. Yet, aeolian sand movement remained active in small areas 
(blowouts), occurring mainly during the summer. NE winds associated with a negative 
phase of the EA explain the movement of sand within the dune-field under favorable 
conditions of sand supply. On the other hand, NW summer winds associated with a 
negative phase of the NAO promoted sand supply to the dune-field from the beach. 
During winter, negative or low values of the NAO favored frequent SW winds associated 
with the passage of intense storms, which in turn explain sand remobilization within the 
beach making sediment available for the NW winds to blow inland. This work proves 
that understanding past and future aeolian activity requires critical consideration of the 
variability and impact of the two principal modes of atmospheric circulation in the North 
Atlantic (NAO and EA). The SCAND mode explaining a lower percentage of the local 
wind-field variability was also included to achieve higher significance levels of explained 
variance. Despite the effect of atmospheric circulation in the aeolian activity, it is 
noteworthy that the responsible of the gradual stabilization is the combination of three 
factors: decrease on storm and wind intensity and a reduction of the sand availability. 
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RESUMEN 
En latitudes templadas, los sistemas dunares muestran una progresiva y 
significativa estabilización relacionada esencialmente con la expansión de la cobertura 
vegetal. Pese a ello, seguimos sin conocer las causas de esta estabilización gradual así 
como las  que propiciaron la actividad dunar previa. El campo dunar eólico de Traba, 
localizado al NW de España, se ha examinado para estudiar las causas que indujeron la 
actividad eólica en el pasado reciente y su subsecuente estabilización. Los cambios 
morfológicos principales se han identificado cruzando la información obtenida de las 
fotografías aéreas cubriendo los últimos 70 años con datos geofísicos obtenidos 
mediante georadar. Con el objeto de relacionar estos cambios con la variabilidad 
regional en los patrones de circulación atmosférica se analizó la variabilidad de los 
modos de circulación atmosférica más relevantes en las regiones europeas 
noratlánticas; la Oscilación del Atlántico Norte (NAO), el Patrón del Este Atlántico (EA) y 
el Patrón Escandinavo (SCAND los vientos locales se simularon utilizando un modelo 
climático regional. De esta forma se pudo identificar el impacto de estos modos de 
circulación sobre la dinámica del sistema costero, en especial con relaciona al sistema 
dunar. Los resultados nos muestran un episodio de actividad eólica durante los años 50 
seguido por una estabilización gradual y la fijación de la duna, coincidiendo con la 
disminución de las tormentas y de la intensidad del viento. Pese a que el sistema se 
encuentra claramente estabilizado, se ha podido constatar que, el durante los meses de 
verano, existen áreas localizadas (blowouts) donde el movimiento de arena sigue 
ocurriendo. En condiciones favorables de aporte de sedimento (arena), los vientos del 
NE asociados con fases negativas de EA son los responsables del movimiento de arena 
en el campo dunar. Por otro lado, los vientos del NW, asociados a fases negativas de 
NAO en verano, favorecen el aporte de arena al sistema dunar desde la playa. Durante 
el invierno, los vientos de SW asociados al paso de tormentas intensas durante fases 
negativas de NAO explican la removilización de la arena en la playa, haciendo que el 
sedimento se encuentre disponible para que los vientos del NW la transporten hacia 
tierra en verano. Con este trabajo, se prueba que para entender el pasado y futuro de la 
actividad eólica se requiere la consideración de la variabilidad e impacto de los dos 
principales modos de circulación atmosférica en el Atlántico Norte (NAO y EA). El tercer 
modo (SCAND) explica un porcentaje menor de la variabilidad de los vientos locales pero 
ha sido incluido para alcanzar niveles de significancia elevados de la varianza. A pesar 
del efecto de la circulación atmosférica en la actividad eólica, hay que destacar que el 
responsable de la estabilización gradual es la combinación de tres factores: la 
disminución de las tormentas e intensidad del viento y la reducción de la disponibilidad 
de sedimento. 
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1. Introduction 
Aeolian dunes are the result of complex histories of alternating events of sand 
drift and dune stabilization. Natural dune stability and mobility are influenced by three 
major factors: climatic variables (i.e. wind, precipitation, moisture), sediment 
characteristics (i.e. availability, grain size) and vegetation cover (Klijn, 1990; Pye, 1993). 
Episodes of aeolian activity have been linked repeatedly to an increase of sediment 
supply (Davidson-Arnott and Law, 1996; Aagaard et al., 2004) and changes in climate 
conditions (Gaylord and Stetler, 1994; Tsoar et al., 2009). On the European coasts, 
enhanced storminess has often been invoked as a major causal factor for the initiation 
of dune activity (Clemmensen et al., 1996; Wilson and Braley, 1997; Wilson et al., 2001; 
Clarke et al., 2002; Clarke and Rendell, 2009; Costas et al., 2012). However, the actual 
mechanism responsible for the reactivation of aeolian activity in coastal systems 
remains poorly understood (Bailey and Bristow, 2004; Buynevich et al., 2007; Girardi and 
Davis, 2010). Currently, most European coastal dunes have undergone a progressive 
stabilization as vegetation cover expanded, but the causes behind such a landscape shift 
remain under debate (Bailey and Bristow, 2004; Costas and Alejo, 2007; Arens et al., 
2008; Jackson and Cooper, 2011). Several factors have frequently been invoked as 
possible causes for the growth of vegetation in coastal dunes, including anthropogenic 
pressure (i.e. changes in land use, landscape fixation, introduction of non-native 
species); semi-natural factors (i.e. crashing rabbit populations, eutrophication) or 
climatic-derived changes (i.e. enhanced CO2 concentration and temperature, diminished 
wind and storminess); see Provoost et al. (2011) for a review. 
The dune systems constitute a significant coastal landform both from the 
geomorphological and ecological points of view. They have been also increasingly valued 
over the past few decades, for the role they can play in protecting human 
infrastructures near the coast from the impact of large waves, storm surges and salt-
water intrusions. Several works study dune dynamics from a beach-dune interaction 
perspective (Psuty et al., 1988; Sherman and Bauer, 1993; Bauer and Davidson-Arnott, 
2002; Hesp, 2002; Houser et al., 2008; Martínez et al., 2008; Sabatier et al., 2009; Hesp, 
2012; Ollerhead et al., 2012). However, in present days, the majority of the coastal 
dunes are under stabilization or degradation processes. One of the most important 
forms of erosion and degradation of the coastal dunes is the development of blowouts. 
These are erosional features which eventually can degrade the entire dune system 
(Hesp, 2002). Blowouts are common in coastal dune environments, and are defined as a 
depression or hollow formed by wind erosion on a preexisting sand deposit and the 
adjoining accumulation of sand known as depositional lobe (Hesp, 2002; Dech et al., 
2005). Two major types were defined in the literature: shallow, short-lived blowouts 
known as ‘saucer blowouts’ and longer-lived, deeper blowouts termed ‘trough 
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blowouts’ (Cooper, 1958). In order to understand dune dynamics it is necessary to 
identify these erosional forms and evaluate their state of evolution relative to the dune 
system as a whole. 
From a climate variability perspective, increased emphasis has been put on the 
role played by the most important large-scale mode of atmospheric circulation in the 
North Atlantic. The climate of Galicia, located in the northwestern corner of the Iberian 
Peninsula has been reviewed in detail in a recent special issue (Gimeno et al., 2011). It 
has been noticed that a relatively small number of these modes is responsible for a large 
fraction of the wind and precipitation fields (Gómez-Gesteira et al., 2011). Among these 
large-scale patterns of atmospheric circulation defined for the Northern Hemisphere, 
the role played by the three most important modes over the North Atlantic and 
European sectors must be emphasized; namely, the North Atlantic Oscillation (NAO), the 
Scandinavian Pattern (SCAND) and the eastern Atlantic pattern (EA). Some studies have 
explored the relation between the variability of the NAO and the changes in coastal 
systems (Lebreiro et al., 2006; Costas and Alejo, 2007; Chaverot et al., 2008; Pye and 
Blott, 2008) considering the impact that the NAO has on the position of the zonal storm 
track within the Northeast Atlantic region (Osborn et al., 1999; Goodess and Jones, 
2002). However, these works obtained relatively modest levels of correlation with the 
NAO index and have never considered the impact of other modes of circulation that, as 
for the case of the EA pattern, may represent a significant contribution for the 
precipitation over northern Iberia (Sáenz et al., 2001; Trigo et al., 2008). In addition, the 
SCAND pattern is associated with a strong positive pressure anomaly centered over 
Scandinavia and western Russia and negative anomalies over the Iberian Peninsula, 
inducing important precipitation anomalies in both western and eastern Mediterranean 
regions (Quadrelli et al., 2001; Trigo et al., 2008). 
In order to further explore the impact that the patterns of climate variability 
may have on coastal systems in the SW of Europe we investigate the history of aeolian 
activity in the Traba dune-filed (NW Spain) during the last 70 years in relation to the 
variability of the local wind-field. With the aim of obtaining a better correlation between 
the dune dynamics and the modes of atmospheric circulation, the NAO, the SCAND and 
EA are included in the analysis of wind-field patterns. As pointed out in the previous 
chapter, the study area has recently experienced a gradual stabilization of the dune-filed 
following a period of intense mobilization. A shift in the climatic conditions inducing 
weaker and less frequent storms was proposed as the more likely reason to explain the 
gradual stabilization, but it is not clear what modulates this climate shift. Due to its 
recent evolution, Traba represents a suitable example to test the factors triggering the 
alternation between erosion and stabilization pulses within the aeolian dunes. 
Therefore, the main objectives of this work are:  
1. To examine the evolution of the recent aeolian activity using aerial 
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photography, Ground Penetrating Radar (GPR) and climatic data, 
particularly wind velocity and direction. 
2. To relate the stratigraphical information obtained from the 
interpreted reflection profiles to the geomorphological development 
of the blowouts revealed from aerial photographs and climatic 
evidences. 
3. To assess the role of the most important modes of large-scale 
atmospheric circulation (NAO, EA and SCAND) using the longest high-
resolution (10 km) dataset available. This will be done not only an the 
individual pattern level but also simultaneously, with appropriate 
regression models that consider the contribution of all 3 modes, 
distinguishing their respective and interrelated determinant 
influences on the local wind-field with the observed evolution of the 
coastal system. 
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2. Methodology 
Aerial imagery and GPR surveys were conducted in Traba to explore the recent 
changes in this coastal system. Conciliating these results with observed and simulated 
wind data, which are related to the NAO, EA and SCAND teleconnection modes allowed 
to delineate and understand the causes of the favorable wind regimes during different 
episodes of mobility or stabilization of the dune.  
The temporal ranges of aerial imagery and observed/simulated wind data are 
not exactly coincident due to limitations in data availability. The first aerial photography 
was taken in 1945, thus this date imposes the lower limit of the temporal scale in this 
study. To establish a relation between the morphological changes and the wind regime 
we used the observed data of the A Coruña meteorological station since 1940. In 
addition, we have explored the effect of the atmospheric circulation modes over the 
wind-field in the study area using a high resolution simulation (10 km) from 1959 to 
2007, including surface winds. In this case, the temporal range is limited to the 
availability of the temporal data in the ERA-40 re-analysis dataset used in the simulation. 
Nevertheless, the obtained results allow understanding the morphological changes in 
the periods lacking data. 
2.1. Aerial imagery  
Traba georeferenced images covering the time interval between 1945 and 
2008 (as described in chapter 2) have been used to acquire information on aeolian 
activity; dune reactivation and stabilization focusing specially on the evolution of erosive 
forms (blowouts). The comparison and superimposition of successive corrected images 
combined with GPR allowed a dynamic visualization of dune development and evolution 
through time (Bailey and Bristow, 2004; Costas et al., 2006; Hugenholtz et al., 2008; 
Buynevich et al., 2010). For that, the most significant sedimentary and morphological 
units were classified and mapped; the entire system was divided into five surficial units: 
beach, active dune, vegetated dune, flooded areas and marsh (Fig. 2.20). Units were 
identified and mapped in all aerial photographs to analyze the temporal evolution of 
their spatial coverage. Temporal changes in the percentage of the vegetated dune unit 
were estimated relative to a fixed polygon that covers the entire system.  
2.2. Ground Penetrating Radar (GPR) 
Ground Penetrating Radar is a valuable non-invasive geophysical tool 
particularly suitable for the study of internal structures in a variety of coastal settings 
(Bristow et al., 2000; Neal and Roberts, 2001; Jol et al., 2003; Costas et al., 2006; 
Derickson et al., 2008; Clemmensen et al., 2009; Buynevich et al., 2010; Girardi and 
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Davis, 2010). A GPR system using a dual frequency antenna (600 and 200 MHz) from IDS-
GPR was used to image the subsurface. The 200 MHz results were chosen as the best 
compromise between penetration depth and event resolution for sedimentary materials 
(Jol et al., 2003). Geophysical data were synchronized to a RTK-GPS (Real Time 
Kinematic–Global Positioning System).2D GPR surveys were designed to provide the 
record of blowout evolution by exploring the concave windward slope and crest of two 
blowouts (saucer and trough); with a total of eight profiles, parallel and perpendicular to 
the trough blowout advance direction (Fig. 3.1). The 2D profiles were collected with a 
distance interval between traces of 0.1 m and 0.25 samples/ns. Processing of 2D data 
was carried out using REFLEXW by Sandmeier software following the sequence of steps 
proposed by Neal (2004), which includes zero time correction, signal-saturation 
correction, applications of gains and filter, velocity profile estimates, static corrections 
and migration. Radar-wave velocities were calculated using the interactive hyperbola-
adaptation method. A velocity of 0.12 m/ns was estimated for the upper part of the 
profiles corresponding to dry sand, which matches the common values found in the 
literature (Reynolds, 1997; Costas et al., 2006; Girardi and Davis, 2010). A second typical 
velocity value of 0.06 m/ns was assumed for the saturated zone (SSI, 1993; Baker and 
Jol, 2007). Water table depths were groundtruthed with sediment cores collected using 
a TESS-1 suction corer (Méndez et al., 2003) and auger borings. Additional sediment 
cores were collected to groundtruth radar reflections. For that, the cores were described 
and sampled every 10 cm. All cores were corrected for compaction considering 
penetration depths. A non-homogenized fraction of approximately 1 g was used for 
grain-size analysis conducted using a Coulter LS100 laser granulometer.  
Acquisition of 3D GPR data in aeolian environments provides a complete 
imaging of the internal geometry of the dune foresets and reveals structures that 
otherwise could be hidden (Bristow et al., 2007; Girardi and Davis, 2010). In this work, 
3D GPR data were collected at the depositional lobe of the blowout with a dual 
frequency antenna (600 and 200MHz), spaced 5 cm apart within a 10.5 m x 11 m grid 
(Fig. 3.1). The 3D data acquisition was performed following the typical approach for 3D 
seismic data consisting of an offset-circular pattern to ensure a complete coverage. 
These data were firstly processed using REFLEXW software applying the same 
procedures as for the 2D data. Once processed, the data were exported to Landmark Pro 
software to build a 3D cube. Interpretation was undertaken with Kingdom SMT 
software.  
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2.3. Observed and simulated wind data. 
The same wind series data from a Coruña metereological station (Fig. 2.3) of 
chapter 2 was used to evaluate the variability of the three wind directions with impact 
on the study area, i.e. SW, NW and NE. 
The analysis of simulated wind data was carried out with the collaboration of 
Sonia Jerez and Ricardo M. Trigo (Instituto Dom Luiz, University of Lisbon, Portugal).To 
establish the impact of the large-scale atmospheric modes prevailing at the North 
Atlantic (NA) and controlling the western European climate on the local winds, we have 
used the surface wind-field provided by a high-resolution (10 km) regional climate 
model. This simulation spans a 49-year period between 1959 and 2007 with hourly 
resolution, and covers homogeneously the whole Iberian Peninsula and surrounding 
areas widely including the target region. This database allows evaluation of the spatial 
distribution of the wind regime in detail and the characterization of the wind series for 
the specific location of the studied dune-field, which has been done at the monthly 
timescale after averaging the hourly data. The simulation was obtained through 
dynamically downscaling reanalysis and analysis data using the Mesoscale Model MM5 
(Grell et al., 1995). The ERA40 reanalysis (Uppala et al., 2005) was used to initialize and 
drive the MM5 model for the period in which it is available (i.e. 1959-2002); analysis 
data from the European Center for Medium Range Weather Forecast (ECMWF) were 
used afterward to complete the simulation up to 2007. The MM5 setup was chosen to 
accurately reproduce the local climatological features based on previous sensitivity tests 
(Jerez et al., 2010; Jerez et al., 2012) which have been also employed in several MM5-
based studies over the Iberian Peninsula (Gómez-Navarro et al., 2010; Gómez-Navarro 
et al., 2011). For the vertical distribution analysis, a dense layer-structure with 27 
inhomogeneous levels (more closely spaced near the surface) up to 100 hPa, has been 
used. Each of the 49 years composing the whole simulated period was integrated in an 
individual continuous run given a spin-up period of one month to the model, which is 
 
Fig. 3.1. Location of Traba sedimentary complex. Detailed location of the 2D transects, 3D grid survey 
and sediment cores. 
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good enough to prevent the influence of errors in the initialized variables (model 
initialization is performed with reanalysis data) and the noise in the early model outputs 
(Christensen, 1999; Giorgi and Bi, 2000). The suitability of this dataset for the purposes 
of this study has been highlighted elsewhere (Lorente-Plazas, 2010; Lorente-Plazas et al., 
2011; Jerez et al., submitted) and has been already used for different applications 
(Costas et al., 2012) 
As a major novelty of this work, the role of three large-scale teleconnection 
modes of atmospheric circulation (NAO, EA and SCAND) has been explored as the main 
drivers of the wind-field in western Europe (Trigo et al., 2002; Martín et al., 2011). The 
storminess index in the Galician region could considered a key factor in local climate 
(Trigo et al., 2008).The teleconections, which are independently measured, consist of 
dipolar patterns clearly visible in the Sea-level Pressure (SLP) in the North Atlantic 
(Figure 3.2), having simultaneously associated high and low pressure systems at 
different locations. The positive phase of the NAO is characterized by positive anomalies 
in SLP around the Azores Islands and negative anomalies in SLP near Iceland. The EA is 
structurally similar to the NAO but its anomaly centers are displaced southeastward to 
those characteristic of the NAO pattern. For 
this reason, the EA pattern is often 
interpreted as a “southward shifted” NAO 
pattern. However, the lower-latitude center 
contains a strong subtropical link in 
association with modulations in the 
subtropical ridge intensity and location. This 
subtropical link makes the EA pattern 
substantially distinct from its NAO 
counterpart. Finally, the SCAND has 
associated positive SLP anomalies over 
Scandinavia, with weaker centers of opposite 
sign over Western Europe and eastern 
Russia/ western Mongolia (see Fig. 3.2). The 
temporal evolution of these patterns can be 
characterized (at the monthly scale) by 
numerical indices retrieved here from the 
Climate Prediction Center from the National 
Oceanic and Atmospheric Administration 
(http://www.cpc.ncep.noaa.gov/data/teledo
c/telecontents.shtml). Positive values of 
these indices correspond to intense dipoles 
in the associated SLP patterns and negative 
 
Fig. 3.2. Spatial patterns of teleconnection 
indices NAO. EA and SCAND computed for 
December–February within the period 1960–
2000, from Trigo et al. (2008) 
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to softened dipoles. Here we consider positive mode phases those months characterized 
by index values above 0.5 and negative mode phases when the corresponding index 
value lies below -0.5. 
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3. Results 
3.1. Morphological dune changes since the 1940s 
The sequence of all aerial photographs available for the study area from 1945 
to 2008 is shown in Fig. 2.20. As outlined in Chapter 2 (Section 3.2), the dune vegetation 
cover extends from the end of the 50s to the present day. The vegetation cover 
represents approximately 27% of the total fixed area in the flight of 1957 and a 77% in 
2008 (the last available flight). 
In the aerial photograph of 1985 were identified well-developed erosive 
aeolian features (blowouts). Geomorphological aspects suggest that most of the aeolian 
forms active today were formed prior to 1985. To ensure a better understanding of the 
initiation and evolution of these aeolian forms a detailed analysis of well-preserved 
blowouts were completed. 
Figure 3.3 shows the 
evolution of the trough blowout 
as well as the wind direction 
derived from the sedimentary 
erosive forms. Some constraints 
were found when mapping the 
depositional lobe for all years 
because of the irregular nature of 
the geomorphological elements 
within trough blowouts. In 1985, 
the long axis of this blowout was 
oriented towards the SW. Three 
deflation plains were identified 
within the blowout showing the 
presence of water in two of them. 
It was possible to map the dune 
scarp at the base of the dune 
accurately in this year. The dune 
scarps facilitate the sand transport landward, following the wind direction. The surface 
occupied by the trough blowout reached its maximum extension this year (1985). The 
dune crest maintained its position throughout time. In 1989, the trough blowout 
became narrower than in the previous mapped year and the deflation plains were 
reduced to two. West rim dunes were fully developed and an east sidewall presented 
two irregular branches. The trough blowout was colonized by vegetation during the 
 
Fig. 3.3. Evolution of the active trough blowout (T in Fig. 3.1) 
between 1985 and 2008. 
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following years (2003 and 2008) and the new topography provoked the fragmentation 
into two blowouts. In 2008, the trough blowout was located 24 m from the current 
shoreline, where an incipient foredune ridge appeared. The long axis of the major 
blowout was oriented N to S. 
Fig. 3.4 shows the 
evolution of the saucer 
blowout as well as the wind 
direction derived from the 
sedimentary forms. The base 
of the depositional lobe was 
used to infer rates of blowout 
migration. During the period 
between 1985 and 2008 the 
blowout migrated 18.5 m, at 
rates up to 0.8 m/yr. In 1985, 
the blowout presented an 
irregular shape with its long 
axis oriented NE-SW. Two 
deflation plains were 
recognized within the 
blowout showing different 
orientations, SE and S. Four 
years later, in 1989, the 
direction of the blowout shifted to the south and the deflation plains became narrower 
and more localized. In 2003, the depositional lobes of the blowout were covered by 
vegetation, the blowout became smaller and two preferential branches were formed 
separated by a vegetated mound. More recently (2008), the blowout became more 
active with a depositional lobe oriented to the SW, sharp erosional walls and well-
developed rim dunes. The two branches, already detected in 2003, are more clearly 
delineated in 2008.  
3.2. Blowout stratigraphy and evolution 
The radargrams are used to document subsurface geometries. The position of 
the radar profiles is represented in Figure 3.1. In the study area, the radar data results 
show a good resolution down to 200-250 ns (two-way travel time; TWT).  
According to Neal and Roberts (2000) and Neal (2004), concepts for 
interpreting seismic data can be directly adopted for the interpretation of GPR sections. 
Bristow et al. (2000) summarized the term “radar facies” as “repeated packages of 
 
Fig. 3.4. Evolution of the active saucer blowout (S in Fig. 3.1) 
between 1985 and 2008. 
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reflections with similar character and geometry”. Eight different radar facies (Rf) were 
identified in the radargrams (Fig. 3.5) and two radar surfaces (Rs) (Fig. 3.6). The 
identified Rf were divided into three groups: the first group consists of RF that displays 
clinoforms, the second group contains Rf that exhibit predominantly horizontal 
reflections and in the third group is represented by chaotic reflections. The identified 
radar surfaces (Rs) were grouped into two principal types: erosive surfaces or boundary 
surfaces marking major changes in subsurface composition. 
 
 
Fig. 3.5. Radar facies architectural elements identified in the radar sections. Based on geometric criteria, the 
radar facies were divided into three categories: inclined, horizontal and irregular reflections. 
 
95 
Coastal barrier stabilization and Climate variability                                                                                      
 
Fig. 3.6. Radar surfaces identified in the radar sections. 
The depositional ages of the recent units could be obtained by crossing 
information from GPR and the latest aerial photographs. However, the temporal 
resolution of aerial photography was not sufficient to cover all the changes observed in 
the GPR data impeding to date the formation of each specific unit. Yet, a temporal range 
for different groups of units was assigned. 
 Trough blowout 3.2.1.
The GPR profiles of trough blowout were divided into three groups according 
to their orientation: S-N (T1, T7 and T8); W-E (T2 and T3) and NNW-ESE (T5 and T6). 
The longest axis of the trough blowout is oriented oblique to the active 
shoreline. The radargrams for these profiles are represented in figures 3.7 and 3.8. 
Profile T1 corresponds to the landward extreme of the trough blowout. The 
sediments conforming the blowout are located 5 m above ADS organized into 4 radar 
units of different ages. Each unit is bounded by high amplitude reflections. The radar 
units are represented by two types of radar facies: A-1 and C-1. The sediments, on top of 
which the units accumulated, are represented C-3 Rf type and constitute the pre-
blowout dune deposits. The youngest unit recorded in T1 correspond to the period 
between 2003 and 2008 (Fig. 3.3); afterwards this area was vegetated preventing 
further sand entrainment. 
Profiles T7 and T8 run along the central axis of the trough blowout crossing the 
deflation plain. 5 units of different ages were identified in both profiles. The lower unit 
was deposited prior to 1985 (light yellow, Fig.3.8), consisting of 5 subunits represented 
by Rf A-1. The configuration of these units allows their interpretation as different 
episodes of foredune progradation seaward. The next depositional set (orange, Fig. 3.8) 
was deposited between 1985 and 1989. Their internal configuration is represented by Rf 
type A-2 in profile T7 and type C-1 in profile T8. The latter shows evident signals of high 
bioturbation associated to the vegetation cover. These units downlap onto pre blowout 
dune deposits and are limited to the top by an upper erosive bounding surface. 
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The green unit could be dated between 1989 and 2003; the characteristic Rfs 
of these sets are B-1 and B-2 in both profiles, with some irregularities in the profile T7 
produced by the vegetation cover. Inland over these sediments a thinner set of aeolian 
cross-stratified deposits is present in both profiles (ochre, Fig. 3.8), with Rf type A-3; 
these deposits could be dated between 2003 and 2008. In the profile T8, this unit 
presents an erosional upper bounding surface. Seaward a unit of around 1m of thickness 
was present in both profiles. The characteristic Rf is the type A-1, and the age assigned 
was around 2008-2011, corresponding to the last pulse of foredune growth observed in 
the aerial photography (Fig. 3.3). In both profiles, the seaward limit was marked by an 
attenuation of the signal due to salty ground-water, corresponding to the Rf type C-2. 
 
 
Fig. 3.7. 200 MHz GPR profile T1 measured within the trough blowout (see figure 3.1 for location) and 
interpretation (lower panel), where the colors represent a time interval (units). The right axis presents the 
TWT in ns, the left-hand axis provides the position of the profile relative to the ADS in meters. The black 
dashed lines mark the subunits of the blowout. The lower blue dashed line represents the water table 
The W-E and NNW-ESE GPR profiles of the trough blowout (T2, T3, T5 and T6) 
are represented and interpreted in figures 3.9 and 3.10. The internal sedimentary 
structure of all these profiles presents a complex configuration locally modified by the 
presence of vegetation roots and abundant bounding erosional surfaces.  
The eastern part of these profiles run across a wide deflation plain where the 
blowout structures are poorly represented or absent. However, the western part of 
these profiles is characterized by sand accumulation reaching a thickness of 8 meters in 
the most seaward profile (profile T6). The radar facies in these profiles correspond to 
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the types A-2, B-1 and C-1 at the eastern extreme and B-2 at the western side. The 
corresponding ages of the different groups of units have been correlated with the N-S 
profiles. 
 
 
Fig. 3.8. 200 MHz GPR profiles T7 and T8 of the trough blowout (see figure 3.1 for location) and 
interpretation (lower panel), where the colors represent a time interval (units). The right axis presents the 
TWT in ns, the left-hand axis provides the position of the profile relative to the ADS in meters. The black 
dashed lines mark the subunits of the blowout. The lower blue dashed line represents the water table 
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Fig. 3.9. 200 MHz GPR profiles T3 and T2 of the trough blowout (see figure 3.1 for location) and 
interpretation (lower panel), where the colors represent a time interval (units). The right axis presents the 
TWT in ns, the left-hand axis provides the position of the profile relative to the ADS in meters. The black 
dashed lines mark the subunits of the blowout. The lower blue dashed line represents the water table 
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Fig. 3.10. 200 MHz GPR profiles T6 and T5 of the trough blowout (see figure 3.1 for location) and 
interpretation (lower panel), where the colors represent a time interval (units). The right axis presents the 
TWT in ns, the left-hand axis provides the position of the profile relative to the ADS in meters. The black 
dashed lines mark the subunits of the blowout. The lower blue dashed line represents the water table 
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 Saucer blowout 3.2.2.
The 2D radargram is shown in Fig. 3.11. The transect runs from the windward 
slope to the crest and lee side of the feature (Fig. 3.1). Our results illustrate the 
depositional lobe of the blowout with reflections defining a set of cross-strata. A total of 
5 units and 9 subunits were identified within the depositional lobe. The subunits are 
numbered sequentially from U1 to U9. Sediment cores collected within these subunits 
show that they consist of medium to coarse-grained, well-sorted quartz and carbonate 
sands. The presence of roots in the cores fossilized by younger sand units indicates the 
burial of vegetation during the advance of the blowout. The occurrence of these 
vegetation remains was later associated with the diffractions observed in the GPR 
profile. 
Different apparent dips were estimated within the different stratigraphic 
subunits (U2 to U9) as corresponding to pulses of blowout evolution. The radar facies 
found in this profile corresponds to the type A-3. The apparent dips of subunits U2 to U9 
 
Fig. 3.11. 200 MHz GPR transect of the saucer blowout (see figure 3.1 for location) and interpretation (lower 
panel), where the colors represent a time interval (units). The right axis presents the TWT in ns, the left-
hand axis provides the position of the profile relative to the ADS in meters. The black dashed lines mark the 
subunits of the blowout. The lower blue dashed line represents the water table. 
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ranged from 3º to 15º, respectively. This increase seems to be more accentuated from 
U4 upwards. Considering that the angle of repose of sand is generally about 30º, 
sedimentation very likely took place by grain flow processes rather than by grain fall. 
The net advance of the blowout is directed from NNE to SSW. 
The subunits U1 to U3 were apparently formed prior to 1985. However, the 
low quality and resolution of the available aerial photos impeded us from given a more 
specific age. Despite this, we have been able to date major changes or pulses 
corresponding to the sedimentation of U4 to U9. U4 is interpreted to have been 
deposited between 1985 and 1989. U5 was apparently deposited between 1989 and 
2003, U6 and U7 between 2003 and 2008, while U8 and U9 were formed between 2008 
and 2011. All subunits became thinner and steeper with time. The changing dimensions 
and depositional timing of these subunits indicate that conditions during the 
sedimentation of these pulses changes over time.  
U5 is the thickest subunit and shows a complex internal configuration with two 
layers. The lower layer (SU5-1) was deposited at the lee slope being overlain by SU5-2. 
The internal configuration of the upper layer resembles the rest of the identified 
subunits contrasting with the chaotic configuration within the lower layer, which was 
dominated by discontinuous and convex reflectors with abundant diffractions and a 
poor internal coherence. 
 The 3D survey 3.2.3.
A 3D grid was surveyed on top of the depositional lobe to decipher the last 
pulses of blowout evolution (Fig. 3.11). Six major bounding surfaces (S1 to S6) were 
identified above the water table (Fig. 3.12). The surfaces identified in the 3D cube were 
correlated with the ones described in the 2D lines (Fig. 3.11). Once the surfaces were 
picking in the 3D cube, the direction of advance of different subunits could be estimated 
using the maximum curvature of the reflectors (Fig. 3.12).  
The 3D cube illustrates the variability of the internal architecture in the 
depositional lobe and allows a better interpretation of the mechanisms involved in the 
deposition of the identified units. For this purpose, we have extracted several time slices 
from the cube cutting the depositional lobe at different depths (Fig. 3.12). The lower 
time slice was extracted at 3.6 m, and represents the base of the depositional lobe 
(preblowout deposits). The GPR reflectors picked within the preblowout deposits and 
imaged in this time slice show the preferential advance of the sand to the SSW with 
stronger amplitudes in the frontal part of the record. Elliptical shapes with strong 
amplitudes were detected in this time slice that gradually disappeared upwards. These 
forms are surrounded by curved high-amplitude reflections interpreted with support to 
aerial photographs and field observations as obstacles generated by vegetation mounds. 
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These obstacles may interfere with the sediment transport as they force the sand to 
settle around them and promote the formation of incipient sand bodies on the crest of 
the depositional lobe. The vegetation mounds are apparently inducing the vertical 
aggradation of the depositional lobe and the subsequent steeping of the leeward layers.  
The next time slice, extracted at 4.8 m, images the complexity of SU5-1, 
already detected in the 2D GPR. In addition, it provides some insights for the presence of 
discontinuous reflectors, which can be related to the presence of vegetation mounds as 
suggested by the elliptical reflections. The SU5-2 is imaged in time slices at 5.2 m and 6 
m. The configuration is more regular than in SU5-1, suggesting that the disturbing effect 
caused by the vegetation mounds diminishes upwards. Furthermore, the presence of 
the vegetation mounds induces the separation of the sand flow in two main branches 
with slightly different advancing directions: S and WSW. In the last two time slices the 
reflectors representing U6 and U7 are more continuous, regular and closer, with higher 
dips.  
3.3. The role of climatic variability 
In the particular case of the study area, in addition to the general wind-field 
pattern of the region, it is important to consider the role of the local orography, which 
may eventually determine or alter local wind directions. For the case of Traba dune-
field, the local orography enhances summer NE winds but protects the dune-field from 
the impact of frequent winter SW winds. As it was mentioned in section 2.3, there are 
three wind directions with impact on the mobilization of sediment in Traba: SW, NW and 
NE. The evolution over time of these directions is shown in the upper panel of Fig. 3.13. 
The results show that dominant winds blow from NE and NW during summer and from 
SW during winter. The impact of these winds on the study area is summarized as 
follows: (1) SW winds are associated with the passage of winter storms, which bring high 
 
Fig. 3.12. Representation of the interior of the 3D survey at the depositional lobe of the blowout. In the 
right pannel are the time slices at different depths. 
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energy waves responsible for the offshore-onshore movement of sand in the beach; (2) 
NW winds are perpendicular to the shoreline promoting the transference of sediment 
from the beach to the adjacent dune, and finally (3) NE summer winds can be 
responsible for the movement of sand within the dune-field.  
From the lower panel in figure 3.13 three principal periods can be pointed out 
with distinctive wind regimes: (1) the interval between 1940 and 1960 shows higher 
values of wind speed, more variability and frequent and enhanced high storminess; and 
(2) after 1960 and up to the 70’s there is lower variability and a trend for wind speed to 
decreased. (3) Since then wind speeds remained with relative low values and storm 
events were shorter than for the previous period. 
To more accurately explain the impact of the large-scale modes of atmospheric 
circulation on the local wind-field, we have examined wind trends for the specific 
location of Traba from a high-resolution simulated wind-field model. To do this more 
effectively, a new system of coordinates was defined, resulting from a 45º rotation of 
the original coordinate system (with axes running East-West and North-South). The new 
axes are parallel and perpendicular to the directions of sand supply from the beach to 
the dune and sand transport within the dune. Thus, the component of the wind vector 
in the parallel-to-the-coast axis (named U10rot45, where 10 refers to the height in 
meters above the ground surface) represents winds blowing from the SW with positive 
values and NW with negative values. Similarly, the component of the wind vector in the 
perpendicular-to-the-coast axis (named V10rot45) represents winds blowing from the SE 
when it is positive and from the NE when it is negative. 
The intra-annual variability of the temporal correlation between the large-
scale circulation indexes and both rotated wind components are shown in Fig. 3.14 
(panels a and b). Additionally, we have constructed Linear Regression Models (LRM) for 
each rotated wind component considering the combined influence of NAO, EA and 
SCAND modes. The temporal correlation between these LRMs and both rotated wind 
components (also provided in Fig. 3.14 a, b) highlights that NAO, EA and SCAND account 
for the 40-60% of the variability of the U10rot45 and the V10rot45 series in summer, 
rising to an 80% in winter in the case of U10rot45. According to this figure, the two most 
important circulation modes for the wind-field are clearly identified as the EA and NAO 
patterns (with a predominance of the EA). Nevertheless, the influence of SCAND in the 
LRM is decisive to reach the high levels of explained variance mentioned above. The 
impact of these three modes in the mean values of the analyzed wind components was 
assessed by comparing the average values of U10rot45 and V10rot45 obtained from 
months characterized with positive or negative values of the various modes (Fig. 3.14 c-
h). As expected from the former analysis based on the A Coruña data set, U10rot45 and 
V10rot45 are predominantly positive in winter changing to negative values in the 
summer months. These results stress the key role played by the summer season when 
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both sand supply to the dune and movement within the dune occur in the past. This 
behavior is observed irrespective of the phase of the various modes. However, positive 
NAO, negative EA and negative SCAND enhance the intensity of the wind blowing from 
the NE in summer promoting the movement of sand within the dune. On the contrary, 
negative NAO, positive EA and positive SCAND phases are bound to favor the NW winds 
and the sand supply from the beach. 
 
Fig. 3.15 shows the impact of the various modes of atmospheric circulation on 
the summer wind-field (direction and module). The same figure highlights the opposite 
pattern displayed by EA and NAO modes and provides useful clues on the appropriate 
combination of modes to explain the wind-field; positive NAO, negative EA and negative 
SCAND modes explain the occurrence of winds blowing from the NE, having the 
opposite combination of phases for NW winds. 
 
 
Fig. 3.13. Long-term wind record 1940–2011 (71 years) from A Coruña station: (a) wind velocity (m/s) of SW, 
NW and NE directions recorded in the station with a 6-hour interval record from 1940 to 1990 and hourly 
intervals from 1990 to 2011. (b) monthly averaged wind speed (m/s), the orange bars show some examples 
of high storminess periods, derived from the climatic analyses carried out in section 3.2.2 of Chapter 2. 
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Fig. 3.14. Monthly timescale comparison of the role of NAO, EA and SCAND on the inter-annual variations of 
NE and NW wind components (U10rot45 and V10rot45 respectively) obtained with the simulated wind 
series for the specific location of the dune-field. a- b) the comparison between the NAO, EA and SCAND 
circulation modes with the wind components U10rot45 and V10rot45 (with negative values indicating that 
the wind blows from the NE and the NW in each case). c- i) Impact of the different modes in the mean 
values of the wind selected components. 
106 
Chapter 3                                                                                                                                                       3. Results 
 
Finally, Fig. 3.16 combines the results of the climate simulations for the 
summer season (NAO, EA and SCAND indices variability, and U10rot45 and V10rot45 
series) and the observed morphological changes in the dune-field. From this, we can 
tentatively refine the timing for the different radar subunits deposition (see section 
3.2.2). For this analysis the saucer blowout was used because present a more simple 
internal stratigraphy than through blowout. However, the results obtained can be 
extrapolated to the through blowout with some considerations. Favorable conditions for 
blowout advance (i.e. NE winds) occur during summers dominated by the negative 
phases of both EA and SCAND modes and positive NAO (Fig. 3.15). Following this 
rationale, we could assume that deposition of subunits U1 to U3 took place during the 
period between 1972 and 1980, which fulfill the criteria of enhanced NE winds. Even 
though the SCAND presents a positive phase during this period, it is not enough to 
cancel the effect of the other circulation modes. In addition, higher values of U10rot45 
facilitate sand movement. The peak of U10rot45 between 1985 and 1987, coincident 
with a negative SCAND, could be responsible for the deposition of U4. Conversely, the 
deposition of U5 appears to occur under different combinations of summer circulation 
modes favoring the coexistence of vegetation growth and blowout advance, which in 
turn could explain the more complex internal structure of this subunit. 
 
Fig. 3.15. Wind-field patterns during the positive (red arrows) and negative (blue arrows) phases of EA, NAO 
and SCAND during the summer months (April to September).  
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Fig. 3.16. Panels a to c shows mean summer values (April to September) of NAO, EA and SCAND. Panel d 
shows the mean wind velocity of two wind components. Panel e shows the blowout dune evolution and 
aeolian activity pulses 
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4. Discussion 
4.1. Dune stabilization and reactivation 
Shifts in key climate variables as wind and precipitation, can leave significant 
traces in dune-fields as dune evolution is strongly linked to the behavior of the 
atmospheric system. However, the impact that atmospheric variability patterns have on 
the wind-field regimes, directly affecting the dunes, has not been properly evaluated in 
previous studies. Here, we have examined the impact of several relevant patterns of 
atmospheric circulation variability on the local wind-field regime, which in turn forces 
the movement of sand in the dune. Therefore, we have not restricted our analysis to the 
NAO index, but have also accounted in this assessment the impact produced by other 
major modes of large-scale atmospheric circulation affecting Iberia, i.e. the EA and 
SCAND. Moreover, we have considered the role played by these three patterns during 
both winter and summer seasons, as both contribute through different and 
complementary processes.  
The recent evolution of the study area was marked by discernible changes in 
the vegetation cover, as pointed out in previous chapter. These changes have been 
correlated to different episodes of aeolian activity and dune stabilization. In the fifties 
the dune entered a phase of aeolian activity, coincident with a decrease in vegetation 
cover (Fig. 2.20), associated with frequent SW winds (Fig.3.13). This situation 
corresponds with the prevalence of persistent negative modes of the winter NAO index, 
which in turn is the principal contributor for the resultant wind regime during winter. 
Under these conditions, remobilization of large volumes of sand in the beach occurs due 
to the passage of energetic storms and waves. This sand may ultimately become 
available to favorable NW winds during summer. During summer, the wind-field is the 
result of a more complex combination of atmospheric circulation modes, being the EA 
the major contributor. Interestingly, the favorable frequent NW winds that are 
ultimately responsible for the transference of sand from the beach to the dune, are 
compatible with the summer positive EA, negative NAO and positive SCAND, that are all 
quite similar (Fig. 3.15). As mentioned in chapter 2, after this period of enhanced 
storminess a progressive expansion in vegetation cover was observed (Fig. 2.20) due to a 
deficit in sand availability controlled by the elevation of the water table. Nevertheless, 
the areas that remain active are shaped by NE winds during the summer season. Such 
winds are explained, to a large extent, by the occurrence of negative phases of both the 
EA and the SCAND and the positive phase of the NAO.  
In other areas of the European coast the relation between the NAO index and 
the coastal dynamics has been carefully explored. Chaverot et al. (2008) found that the 
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impact of the NAO over the storm regime changed spatially along the French coast with 
regions where the impact of the NAO was negligible. In the coast of the United Kingdom, 
Pye and Blott (2008) suggested that major changes in coastal systems are due to the 
variability in the frequency and magnitude of storms, surges and extreme high tides. 
Shoreline retreat was documented by Costas and Alejo (2007) in NW Spain during the 
1950’s and connected to a persistent negative mode of the NAO accompanied by severe 
storms and RSL rise. Enhanced storminess was probably a large-scale feature and not 
just a local trend. Indeed, this pattern apparently extended to northern latitudes, even 
reaching the United Kingdom (Alexander et al., 2005). However, the variability of all 
these indicators presented a modest relationship with the NAO index. Our results 
emphasize that the use of the NAO index solely is neither able to explain the evolution 
of the wind-field nor the coastal dunes in the NW of the Iberian Peninsula. The 
correlation between the three modes of atmospheric circulation and different wind 
seasonal directions explains the small and large-scale processes in the coastal system. It 
should be noted that EA and NAO (with predominance of EA) holds the largest 
correlations with both wind components; however the inclusion of SCAND in the simple 
regression model is decisive to obtain acceptable values of explained variance. Certainly, 
the combination of the three modes is sufficient to explain circa 80% of the SW winter 
winds and about 60% of the summer variability (Fig. 3.14). The effect of the climatic 
modes on dune activity in our study area has a marked seasonal behavior. 
We have shown that to understand the morphological changes and evolution 
of these coastal systems is essential to study the combined role played by the most 
important circulation patterns and their intrinsic variability. Furthermore, this approach 
provides invaluable data for the construction of future predictive models aiming to 
facilitate management and preservation. 
It is to consider the effect of human induced changes in land use in the back-
barrier area over the coastal system evolution. The first aerial imagery of Traba (1945, 
Fig. 2.20) depicts the territory as a sparse grassland. However, since 1971 the 
implementation of extensive cultivation in was documented in the aerial photographs 
(Fig. 2.20). In addition, Bao et al. (2007) suggest that since at least 19th century an 
increase in sediment supply to the lagoon due to excessive man-induced sedimentation. 
Up until now no “clear evidences” had existed concerning the input of nutrients by 
groundwater through from the croplands, but it is a contribute factor to consider in the 
increase of vegetation cover in the sand dunes. 
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4.2. Remnants of past aeolian activity: the blowouts 
The causes and time of blowout initiation in Traba are unclear due to the lack 
of clear-cut evidence. However, joining the information obtained from the aerial 
photographs and the geophysical data we can propose an explanation of blowout 
initiation and subsequent development. 
The area occupied today by the blowouts was characterized by wind-induced 
lineations between 1945 and 1971 (Fig 2.20). This pre-blowout dune morphology may 
have facilitated the subsequent blowout development through wind acceleration within 
small scale topographies. The interaction between the airflow and the inherited 
topography has been explored in different studies that combine to highlight the role of 
topography on blowout development through airflow acceleration (Carter, 1988; Carter, 
1990; Pluis, 1992; Gares and Nordstrom, 1995; Hesp and Hyde, 1996; Hugenholtz and 
Wolfe, 2009; Smyth et al., 2011; Smyth et al., 2012).  
The first evidence of blowout development was observed in the aerial 
photograph of 1985. However, the results of climatic simulations suggest that the 
propitious circumstances for saucer blowout formation occurred near 1972, with 
enhanced summer NE winds, and circa 1971 in the case of trough blowout with the 
erosive event of the foredune observed in aerial imagery (Chapter 2; Fig. 2.20). 
In the case of trough blowout, the proximity to the active shoreline suggests a 
likely link between the blowout initiation and the changes in shoreline position due to 
wave erosion. The combination of: topography, vegetation cover retreat and wave 
erosion of the shoreline are invoked as the driving forces of blowout initiation and 
evolution like was previously described in other works (Hesp, 2002). Two episodes of 
shoreline retreat were documented in Chapter 2 (Section 3.2.1.2). The first erosive 
event was in 1957 and the second between 1971 and 1985. After the first episode of 
shoreline retreat, a set of low foredunes (less than a few meters high) were developed, 
as recorded in the GPR profiles T7 and T8 (Fig. 3.8). Further foredune development was 
prevented by a new erosive event between 1971 and 1985. The signs of the last 
shoreline retreat can be seen in the aerial photography of 1985 forming a dune scarp 
(Fig.3.3). Wave erosion of the dune foot appears to have provoked a breach in the dune, 
leaving an unvegetated cliff of loose sand; the strong onshore winds could have initiated 
the trough blowout formation. After this, the blowout evolution is seen to depart 
significantly from other examples of trough blowout in the literature (Hesp and Hyde, 
1996; Byrnes, 1997; Neal and Roberts, 2001; Hesp, 2002). In this case the depositional 
lobe is located sideways as recorded in profiles T2, T3 and T5 (Figs. 3.9 and 3.10); the 
local summer winds (E, NE) imprinted a lateral advance of the blowout and in 
consequence deprived the formation of a frontal depositional lobe, hence, the 
sedimentation occurred sideways, primary to the west. The evolution of the blowout 
111 
Coastal barrier stabilization and Climate variability                                                                                      
was marked by several episodes of wind erosion and subsequent lateral migration of the 
depositional lobe circa 2003.  After this, a foredune recovery closed the breaching in the 
dune foot (Fig. 3.3) reduced the effect of onshore winds and closing the input of 
sediment from the beach to feed the depositional lobe. 
Overall, the study suggest that the internal structure of the trough blowout is 
likely to be complex, the absence of a frontal depositional lobe, and the obliquity 
advance from the shoreline position difficult the use of previous criteria described in the 
literature for the recognition of this kind of landform (Neal and Roberts, 2001).However, 
the saucer blowout included in this work corresponds to the typical typology of 
blowouts found in the literature.  
The initiation of the saucer blowout is uncertain. However, it could be related 
to changes in the vegetation density, and wind acceleration due small changes in 
topography. A set of subunits was identified internally representing periods of 
reactivation and migration of the blowout. Commonly, blowouts are characterized by 
punctuated displacements driven by short-term climate oscillations before they become 
fixed (Flor, 1984; Pluis, 1992; Neal and Roberts, 2001; Hesp, 2002; Dech et al., 2005; 
Girardi and Davis, 2010; González-Villanueva et al., 2011a). The early stages (units U1 to 
U3, Fig. 3.11) are characterized by low angle reflectors. The absence of vegetation 
allowed the migration of the blowout, indicating considerable sediment availability (Fig. 
3.17 a). Afterwards, units U4 and U5 represent transitional stages deposited before 
2003. These units are characterized by a complex internal structure with diffractions 
caused by roots. 3D GPR data show reflections with opposite curvatures suggesting 
obstacles that could eventually force the sand to settle, as described in Girardi and Davis 
(2010). The sedimentation of these units agrees with the observed densification of 
vegetation between 1989 and 2003. This densification could be explained by the shift 
and reduction of wind power recorded in A Coruña (Fig. 3.13) and in the values of 
U10rot45 (Fig. 3.16), which show the rotation from NE to SW winds during summer 
between 1996 and 2003. The obstacles interpreted as vegetation mounds and identified 
within the GPR data, may have promoted the vertical aggradation of these units, 
reducing the distance between the crest and the brink (Fig. 3.17 b). The maturation of 
the blowout is represented by units U6 to U9 and coincides with an intensification of NE 
wind velocities recorded in A Coruña from 2003 to the present. Moderate to high angle 
cross-strata internally characterizes the later units. The current surface of the 
depositional lobe is partially covered by vegetation, however the distance between the 
crest and the corresponding brink decreased over time (Fig. 3.17 c). The morphological 
evolution of the depositional lobe differs from the results presented by Hugenholtz et al. 
(2008), who observed an increase in the distance between the crest and brink with the 
colonization of the dune by vegetation. To sum up, environmental conditions like 
vegetation cover, wind magnitude and direction affected the resultant morphology, 
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stratigraphy and movement of the blowouts. Coexistence of vegetation and moderate to 
high sand supply provokes a change in the geometry of the lee slope, which becomes 
steeper. At the same time, the distance between the crest and the brink reduces, and 
the internal stratigraphy shows moderate to high angle reflectors. 
 
Fig. 3.17. Conceptual diagram illustrating the effect of sand supply and vegetation cover on the blowout 
evolution 
In summary, despite the gradual stabilization of the dune-field, active aeolian 
forms (blowouts) were observed in recent aerial photographs. Two different types of 
blowouts had been observed and analyzed, showing different origins but with an 
evolution conditioned by the same factor: wind direction and sand availability. The 
origin of saucer blowout was conditioned by small changes in topography causing wind 
acceleration and erosion, and it evolution was conditioned by the sand availability, 
which in turn is directly controlled by the water table level, as exposed in chapter 2. 
When the erosion reaches the topographic threshold value (2-3 m, ADS) the sand 
availability is reduced to lowest water table levels. In the case of trough blowout, the 
initiation was related with the erosion of dune foot by waves; the evolution was 
conditioned by the prevailing NE winds which provoke the obliquity advance and the 
lateral depositional lobe and the cessation is finally controlled by the foredune 
formation and the reduction of sediment supply. 
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5. Conclusions and Implications 
The combination of several tools as GPR and aerial photography can provide 
insights into the stratigraphy and internal sedimentary structure of coastal dunes, but 
with the inclusion of local climatic data, the results are considerably improved. It is 
important to take into account the local factors in the study of the blowouts formation 
and evolution. These landforms are more complicated than expected and the described 
cases in the bibliography are not detailed enough to establish a general model of 
evolution. In the same dune-field two different blowout types was documented, with 
different origin but with an evolution conditioned by the same factor: wind direction 
and sand availability  
With this study we can confirm the importance of considering the three 
atmospheric modes in coastal studies in the North Atlantic is decisive to understand the 
complete scenario. In this regard, we affirm that the shifts of climate variability 
observed in the previous chapter (i.e. the estabilization of the dune-filed in Traba and 
the reduction of overwash in Louro) were modulated by changes in the combination of 
these three atmospheric modes, which in turn can be claimed as the responsible for less 
frequent storms reaching the study areas. 
The consideration of seasonality in climatic modes over dune activity is 
highlighted in this work. Indeed, during winter the NAO is the principal mode controlling 
the wind direction. However, during summer, the combination of the three atmospheric 
modes: NAO, EA and SCAND should be considered to explain wind direction. 
Applying the combined atmospheric modes is key to decipher past climate 
conditions from dune records and allows producing more accurate future scenarios 
under changing climate conditions. 
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ABSTRACT 
This chapter aims to reveal the evolutionary history of Traba and Louro and its 
sedimentary response to the Holocene transgression and climate events. The 
sedimentary architecture of both coastal systems based on ground penetrating radar 
and sediment cores is reconstructed. The combination of data assisted in the 
reconstruction of the evolution of the systems in terms of sedimentary processes and 
external drivers (climate change, Holocene sea-level rise or topographic inheritance).  
The sedimentary units identified within Louro and Traba have evolved during 
the Holocene. The Holocene sedimentary succession began circa 6050 a BC in Louro and 
circa 4050 a Bc in Traba with the sedimentation of peat deposits. The latter suggest the 
onset of an incipient barrier formed by transgressive sandsheets between 6050-3050 a 
BC that owed to the isolation of shallow coastal water bodies. The relation between the 
basin elevation and the relative sea-level was the prime forcing determining the 
evolutionary history within the coastal water bodies. The occurrence of aeolian and 
washover deposits was interpreted as representing periods of enhanced storminess.  
The imprint of high storminess periods differs from Louro to Traba. In Louro the effect 
was reflected by the presence of washover deposits while in Traba manifested by high 
aeolian landward transport. In both cases these processes represent the precursor of 
the Holocene basin infilling. These related-storm deposits dated by optical luminescence 
were correlated with Holocene climatic phases. The storm episodes identified in the 
present work seem to be in phase with storm periods recorded in the west of Europe 
and present a slight relation with well-documented Holocene cooling events. This study 
shed light on the processes and timing of the major shifts in the trends of the NW Spain 
coastal systems in in a setting of mid to late Holocene.  
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RESUMEN 
En este capítulo se pretende revelar la evolución de Traba y Louro y su 
respuesta sedimentológica a los diferentes eventos climáticos durante el Holoceno. Se 
presentan los modelos sedimentarios de ambos sistemas costeros basándose en datos 
sedimentológicos y de georadar. La combinación de diferentes tipos de datos facilita la 
reconstrucción evolutiva y desvela el papel  que ejercen sobre ella los diferentes 
procesos sedimentológicos, cambios climáticos, subida del nivel del mar durante el 
Holoceno y otros parámetros como la topografía heredada. Las formaciones 
sedimentarias encontradas en Louro y Traba se han desarrollado durante el Holoceno. 
En Louro la sucesión Holocena comienza con la formación de turbas sobre los 8000 cal 
BP y en Traba en torno a los 6000 cal BP. Entre los 6000-5000 cal BP se forman las 
barreras incipientes asociadas a cuerpos arenosos transgresivos.  La relación entre la 
altura de la cuenca y el nivel medio del mar es el principal factor que determina la 
historia evolutiva de ambos sistemas. Los depósitos datados y asociados a procesos de 
tormenta se correlacionan con las fases climáticas del Holoceno. Los depósitos de 
tormenta identificados en ambas áreas de estudio presentan una buena correlación con 
otros depósitos de tormenta a lo largo de la costa oeste de Europa y parecen estar en 
fase con los periodos fríos del Holoceno descritos en la bibliografía. La huella dejada por 
las tormentas difiere de Louro a Traba. En Louro el efecto de estas queda reflejado como 
depósitos de desbordamiento y en Traba por un elevado transporte eólico hacia tierra. 
En ambos casos estos procesos representan el precursor del relleno de la cuenca 
Holocena. Este estudio ha arrojado luz sobre los mecanismos que controlan la evolución 
costera en el NW de España en el contexto del Holoceno medio y tardío. 
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1. Introduction 
The studies of the sedimentary environments of coastal systems in the Atlantic 
Galician coast and their evolution during the Holocene are very scarce. Several works 
present approximations to these issues by analyzing the sedimentary environments in 
barrier-lagoon systems, estuaries, and rías (Santos et al., 1993; Santos and Vidal, 1993; 
Nombela et al., 1995; Santos et al., 2001; Clemente et al., 2004; Lebreiro et al., 2006; 
Martins et al., 2006; Costas, 2007; Costas et al., 2009; Arribas et al., 2010; González-
Villanueva et al., 2011b) or include geomorphologic aspects of cliffs and rock platforms 
(Trenhaile et al., 1999; Blanco Chao et al., 2002; Blanco Chao et al., 2003; Blanco-Chao et 
al., 2007). However, in this context two major questions regarding the late Holocene 
evolution of these coastal systems along the Atlantic Galician coast remain unanswered:  
(1) which are the processes and factors involved on the formation and evolution of 
these systems? and (2) what is the relative contribution of the different forcing factors? 
It is well recognized that changes in relative sea-level can affect coastal 
processes and lead to changes in the shape of the coast and the location of the shoreline 
as well as the estuarine infill. Alonso and Pagés (2010) and Leorri et al. (2012b) propose 
a relative sea-level curve for the NW of the Iberian Peninsula for the last 11000-10000 
years. In both works the resultant curve shows a continuous but pulsating rising of sea-
level. Alonso and Pagés (2010) based their reconstruction on a sedimentological 
analyses including litho and biofacies and isotopical information of several corers along 
the Galician and Asturias coasts. The resultant curve presents five phases: (1) Rapid sea-
level rise from 40 m below present mean sea-level circa 11200 a BP, to 7 m below 
present in 7500 a BP; (2) A phase of sea-level stabilization between 6800 and 4200 a BP, 
around 5 -7 m below present; (3) Acceleration of sea-level rise between 4200 a BP and 
3100 a BP; (4) Stabilization of the sea-level between 3100 and 2600 a BP around 3 m 
below the present level and (5) A final sea-level rise to the present position after 2600 a 
BP. The Holocene sea-level curve presented by Leorri et al. (2012b) is derived from 
micropaleontological and sedimentological analyses combined with radiocarbon dating 
from Minho estuary, the resultant curve is more simplistic with only two differentiated 
zones: (1) A first zone showing a very fast sea-level rise from 26 m below the present 
sea-level 10000 cal BP to 5 m below the present sea-level 7000 cal BP, and (2) a slow 
rate of sea-level rise since ca. 7000 cal BP to the present. In both cases, the resultant 
curve reaches 5 m below present sea-level ca. 7000 cal BP that is followed by a 
deceleration of the rate of sea-level rise until present. The main difference between the 
two curves is the absence/presence of pulses in sea-level rise for the last 7000 years. 
Interestingly, sea-level curves along the French-Iberian Atlantic coast (Leorri et al., 
2012a) document an evident north-south trend with higher rates of sea-level rise in the 
north and lower rates in the south which can be explained by glacio-isostasy as the 
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dominant contributor to the large wavelength north-south decrease in rates; but the 
absence of sea-level pulses is confirmed in all study sites. 
The response of coastal areas to rapid changes (e.g. storm events) in 
environmental or climatic conditions is generally fast, with limited inertia, which 
becomes coastal systems on suitable areas for studying the frequency or magnitude of 
such events. However, the elevated dynamism of these systems reduces the probability 
of preservation of the entire record of events. Therefore, there is an inherent difficulty 
in studying the impacts of these rapid changes and the corresponding adjustments in 
coastal systems due to the discontinuous nature of the coastal sedimentary record. 
Coastal environments in these settings suffer frequent high-energy events, which can 
partially destroy previously deposited sediments. The sedimentary response to 
Holocene climate events in coastal areas is not well established, but recent research 
works suggest a correlation between the Holocene climatic events and the sedimentary 
record in several coastal areas (Billeaud et al., 2009; Clarke and Rendell, 2009; Costas et 
al., 2012; Sabatier et al., 2012; Sorrel et al., 2012; Theodorakopoulou et al., 2012).  
As exposed in the previous chapters, at annual and decadal temporal scales, 
several factors like windiness, storm surges, sediment supply and atmospheric 
circulation may have a key role in the evolution of both systems. However, these factors 
may also experience important changes at longer scales and should be also considered 
here too. The interaction between all the enounced forcings is very complex and is not 
well established for the Galician coast. 
To have a full understanding of the coastal sedimentary environments, it is 
necessary to resolve the long term coastal evolution and how the barriers originated. In 
this chapter, the study of the sedimentary architecture of the last 8000 years has been 
addressed using both, sediment core and GPR transects, combined with radiocarbon 
and optical luminescence dating of the sedimentary record in Louro and Traba barrier-
lagoon systems. As exposed above, the outcomes of short and medium term scale have 
been used to extrapolate the effect of forcers involved on the evolution of the systems 
(i.e. relative sea-level, sediment supply, climatic changes and barrier dynamics) into a 
longer temporal scale. 
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2. Methodology 
It is commonly accepted that one of the most fruitful approaches to facies and 
architectural analysis involves comparison of modern sedimentary environments and 
potential ancient analogues (Middleton, 1973). Reconstruction of depositional 
environments must rely on the interpretation of the processes which gave way to the 
observed deposits. It is also important to relate these processes to the stratigraphical 
context, and the three-dimensional morphology of the deposit (Hart and Plint, 2009). To 
reconstruct the architecture and evolution of both Louro and Traba sedimentary 
complexes, different methodologies have been applied according with the nature and 
distribution of the sediments in the different environments.  
2.1. Sediment architecture 
In the case of Traba, an aeolian dominated environment, GPR has been 
successfully applied to resolve the internal stratigraphy of the coastal system. These 
results were supplemented with several boreholes. In Louro, GPR was not as effective 
for stratigraphy analysis because of the presence of the saltwater that produces the 
attenuation of the signal. In this case, the architecture was resolved using several 
borehole transects. 
 Ground-penetrating radar 2.1.1.
The same methodology explained in the previous chapter (Section 2.2, Chapter 
3) was used to obtain the complete stratigraphy of the whole barrier. A GPR system 
using a dual frequency antenna (600 and 200MHz) from IDS-GPR was used. The results 
obtained from the 200MHz antenna were chosen as the best compromise between 
penetration depth and event resolution for sedimentary materials (Jol et al., 2003). The 
GPR was synchronized to a RTK-GPS to obtain very accurate geographical coordinates 
and elevation. A total of 3100 m of radargrams were collected within 7 transects of 2D 
GPR surveys (Fig. 4.1). The characteristics of all the profiles are summarized in Table 4.1. 
The 2D data processing was carried out using REFLEXW by Sandmeier software 
following the sequence of steps proposed by Neal (2004), which includes zero time 
correction, signal-saturation correction, applications of gains and filter, velocity profile 
estimates, static corrections and migration. Radar-wave velocities were calculated using 
the interactive hyperbola-adaptation method. A velocity of 0.12 m/ns was estimated for 
the upper part of the profiles corresponding to dry sand, which matches the common 
values found in the literature (Reynolds, 1997; Costas et al., 2006; Girardi and Davis, 
2010). A second typical velocity value of 0.06 m/ns was assumed for the saturated zone 
(SSI, 1993; Baker and Jol, 2007). Water table depths and radar reflections were 
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groundtruthed with sediment cores collected with a TESS-1 suction corer (Méndez et al., 
2003) and auger borings. Interpretation was undertaken with Kingdom SMT software.  
 
 
 
 
 
Fig. 4.1. Aerial photograph of Traba showing the position of radar lines and sediment cores. Blue bullets are 
indicative of the position of 14C age samples and the orange bullets the OSL age datings. 
Table 4.1. Summary of the 2D GPR surveys in Traba dune-field. 
2D GPR SURVEYS 
TRANSECT LENGTH (m) DIRECTION BRIEF DESCRIPTION 
T1 232.3 ESE-WNW At the Northern part of the barrier, close to the inlet 
T2 345.7 SE-NW Crossing an unvegetated aeolian corridor with a mean 
elevation of 3-4 m 
T3 360.7 SE-NW Crosses the aeolian dune-field 
T4 393.7 SE-NW Crosses the aeolian dune-field  
T5 281.2 
318.23 
ENE-WSW 
SE-NW 
Divided in two legs: (1) running parallel to the boundary of the 
dune and the croplands; (2) crossing the aeolian dune; 
including up to 9 m of foredune ridge  
T6 138.2 SSE-NNW Short transect crossing part of the aeolian dune with a mean 
elevation close to 7 m 
T7 980.3 NE-SW Runs parallel to the shoreline but through the landward limit 
of the dune-field 
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 Sediment cores 2.1.2.
To study the sediment architecture and the evolution of the Louro coastal 
system a total of 122 cores have been collected along 9 transects (Fig. 4.2) using a TESS-
1 suction corer (Méndez et al., 2003). The characteristics of the profiles are summarized 
in Table 4.2. In Traba, 35 cores have been collected along the GPR profiles to complete 
the information of GPR surveys, to identify different sediment compositions, and to date 
specific layers (Fig. 4.1).  
All corers were geo-referenced to a UTM coordinate system (ED50) with a 
differential GPS, and the elevations taken with respect to the mean sea-level in Alicante, 
ADS (Alicante Datum of Spain). The cores were macroscopically described and sampled 
for laboratory analysis. All cores were corrected for compaction during coring 
considering penetration depths. 
 
 
Fig. 4.2. Aerial photograph of Louro showing the position of sediment cores. Blue bullets are indicative of 
14C age samples, orange of OSL age samples and green for both dating methods in the same core. 
 
 
 
 
123 
Coastal adaptation to Holocene sea-level and climate variability                                                            
Table 4.2. Summary of the corer surveys in Louro. 
CORER SURVEYS 
TRANSECT LENGTH (m) DIRECTION BRIEF DESCRIPTION 
T1 32 NNE-SSW Northern transect crossing an abandoned inlet area. 
T2 82 NE-SW Crossing the current inlet opening area 
T3 100 NW-SE Crossing the inlet channel and proximal delta area  
T4 129 
100 
234 
N-S 
NNE-SSW 
NE-SW 
Divided into three sections (1) Crosses the deltaic tidal lobes 
and part of inlet channel; (2) From the inlet channel to the 
back slope of the dune, crosses the inactive washover fans 
and (3) crosses the aeolian corridor towards the lower part of 
the beach.  
T5 198 
127 
NNW-SSE 
NNE-SSW 
Divided into three sections: (1) Crossing deltaic tidal lobes and 
part of the active channel; (2) from the channel to the back 
slope of the dune, crosses inactive washover fans. 
T6 465 N-S Crosses the lagoon area following the lineation of relict deltaic 
lobules to the back-slope of the dunes. 
T7 166 NNE-SSW From the back slope of the dune to the middle area of the 
lagoon. 
T8 204 N-S Crossing the lagoon area, from the distal tidal delta, following 
the lineation of relict deltaic lobes to the back-slope of the 
dune. 
T9 98 ENE-WSW Northern transect crossing an abandoned inlet area. 
 
2.2. Facies characterization 
The term facies is widely used in geology particularly in the study of 
sedimentology in which sedimentary facies refers to the combination of lithology, 
structural and textural attributes, faunal and floral contents, etc. the grouping usually 
reflects the conditions of its origin and defining features differentiating a particular unit 
from the adjacent or associated units (Catuneanu, 2006). The use of facies associations 
or assemblages -understood as the groups of facies genetically related to one another 
and which have some environmental significance (Collinson, 1969)- is extended in 
architectural reconstructions, because understanding of facies associations is a critical 
element for the reconstruction of palaeo-depositional environments.  
In order to represent the sedimentary succession in the most appropriate way, 
the sedimentary cores were used to make a division into facies associations, following 
the procedure described below. 
Once longitudinally splited and opened, the cores were analyzed for sediment 
characterization and dating. First of all, a detailed logging of all the cores was carried out 
and different layers were visually separated based on lithology, fossil and organic 
contents, color, sedimentary structures and textural (grain size, sorting…) 
characteristics. To more accurately separate the facies identified in the cores, a detailed 
sampling was carried out and the samples were analyzed for textural and compositional 
analyses. An important key to recognize different facies and to reconstruct their 
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geometry was the recognition of the sediments in modern sedimentary environments, 
which have been described in previous chapters. A detailed description of the identified 
facies associations is given in the results section. 
The identification of facies in the GPR record differs from the sediment cores. 
In this case, we have identified radar facies, which are defined as mappable three-
dimensional packages of reflections with distinctive configurations, continuity, 
frequency, amplitude, velocity characteristics and external form (Jol and Smith, 1991; 
Neal and Roberts, 2000; Neal, 2004). The identified radar facies and their characteristics 
are presented in the results section. 
  Grain size and composition analysis 2.2.1.
Preparation for grain size analysis included two hydrogen peroxide attacks for 
organic matter elimination, grain disassembling with a dispersant agent and sieving of 
the >1 mm fraction. Grain size measurements of the <1 mm fraction were made with a 
LS100 Coulter Counter. The analysis was performed at the University of Barcelona. 
Statistical analysis of the results were performed using Gradistat software (Blott and 
Pye, 2001). 
TIC and TOC were calculated from an initial volume of 2 mg of dried, ground 
and homogenized sample by elemental analysis (EA; LECO CC-100, σ=0.001; RSD=0.3%; 
LECO CN-2000 at 1200C σ=0.001, RSD=0.4%). Data are presented in weight percentage. 
The mineralogy of the principal facies was characterized by XRD. The analyses were 
carried out at the C.A.C.T.I. (University of Vigo). These data were used in the 
discrimination of the different facies. 
2.3. Chronology 
Selected samples were dated using both accelerated mass spectrometry (AMS) 
radiocarbon and optically stimulated luminescence dating techniques. The cores used 
for dating in Louro and Traba are marked in Figs. 4.1 and 4.2 respectively. 
AMS radiocarbon analysis was performed in both, in situ shells (entire and 
articulated) and organic-rich sediments, at the Center for Applied Isotope Studies, 
University of Georgia. The shell samples were treated with HCl to remove contamination 
from the surface. Afterwards the samples were crushed and treated with 30% hydrogen 
peroxide, H2O2, to remove any traces of organic matter. The washed and dried samples 
were treated in the vacuum with concentrated phosphoric acid to recover carbon 
dioxide. The peat samples were treated with 1 N HCl to remove any carbonates, after 
that the samples was filtered on fiberglass filter, washed with deionized water and dried 
at 105°C. The sediment samples were sieved through a nylon screen to remove any 
roots and plant fragments. The silt-clay fraction of the sediment was treated with 1 N 
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HCl to remove any carbonates, and filtered on a fiberglass filter, washed with deionized 
water and dried at 105 °C. 
The cleansed sediment samples were combusted at 900°C for accelerator mass 
spectrometry analysis, in evacuated/sealed ampoules in the presence of CuO. The 
resulting carbon dioxide was cryogenically purified from the other reaction products and 
catalytically converted to graphite using the method of Vogel et al. (1984). Graphite 
14C/13C ratios were measured using the CAIS 0.5 MeV accelerator mass spectrometer. 
The sample ratios were compared to the ratio measured from the Oxalic Acid I (NBS 
SRM 4990). The sample 13C/12C ratios were measured separately using a stable isotope 
ratio mass spectrometer and expressed as δ13C with respect to PDB, with an error of less 
than 0.1‰. The quoted uncalibrated dates have been given in radiocarbon years before 
1950 (years BP), using the 14C half-life of 5568 years. The error is presented as one 
standard deviation and reflects both statistical and experimental errors. The resulting 
date was corrected for isotope fractionation. 
Calibration of radiocarbon dates was conducted using IntCal09 (Reimer et al., 
2009) for peat and organic mud and Marine 04 (Reimer et al., 2009) for shells; by means 
of Calib 6.1.0 software (Stuiver et al., 2005). Two sigma (2σ) age ranges (95.4% 
probability) were applied (Björck and Wohlfarth, 2001). 
OSL samples were collected using double coring with the same exact length; 
one of the cores was used for logging and selecting the layers to date, and the second to 
sample for dating at the selected depth. OSL samples were analyzed in the 
Geochronology Lab of the Department of Geosciences (University of Nebraska-Lincoln). 
Sample preparation was carried out under amber-light conditions. Samples were sieved 
to extract the 150-250 µm fraction, and then treated with HCl to remove carbonates. 
Quartz and feldspar grains were extracted by flotation using a 2.7 g/cm3 sodium 
polytungstate solution, then treated during 75 minutes in 48% HF, followed by 30 
minutes in 47% HCl. The sample was re-sieved and the <150 µm fraction discarded to 
remove residual feldspar grains. The etched quartz grains were mounted on the 
innermost 5 mm of 10 mm aluminum disks using Silkospray. Chemical analyses were 
carried out using a high-resolution spectrometer. Dose-rates were calculated using the 
method of Aitken (1998) and Adamiec and Aitken (1998). The cosmic contribution to the 
dose-rate was determined using the techniques of Prescott and Hutton (1994). 
Optically stimulated luminescence analyses were carried out on a Riso 
Automated OSL Dating System Model TL/OSL-DA-15B/C, equipped with blue and 
infrared diodes, using the Single Aliquot Regenerative Dose (SAR) technique (Murray 
and Wintle, 2000). All De values were determined using the Central Age Model 
(Galbraith et al., 1999). Preheat and cutheat temperatures were based upon preheat 
plateau tests between 180º and 280ºC. Dose-recovery and thermal transfer tests were 
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conducted (Murray and Wintle, 2003). Growth curves were examined to determine 
whether the samples are below saturation; D/Do < 2 (Wintle and Murray, 2006). Optical 
ages are based upon a minimum of 40 aliquots. Individual aliquots were monitored for 
insufficient count-rate, poor quality fits (i.e. large error in the equivalent dose, De), poor 
recycling ratio, strong medium vs fast component, and detectable feldspar. Aliquots 
deemed unacceptable based upon these criteria were discarded from the data set prior 
to averaging. Averaging was carried out using the Central Age Model (Galbraith et al., 
1999); the De distribution, asymmetric distribution; skew > 2σc (Bailey and Arnold, 
2006), indicates that the Minimum Age Model (Galbraith et al., 1999) (Galbraith et al., 
1999) was not appropriate. 
Previous studies at different settings have proved a good agreement between 
the results obtained by OSL and radiocarbon dating (Murray and Clemmensen, 2001; 
Clemmensen et al., 2009; González-Villanueva et al., 2011b; Hou et al., 2012). The 
recommendations proposed by the IUPAC and IUGS (Holden et al., 2011) for 
geoscientists is to express no longer time durations in distinct ad hoc units such as ky., 
My., or Gy. They recommend the use of the international standard by expressing time 
durations as a, ka, Ma, Ga. In addition, the use of BP (before present) is largely restricted 
to radiocarbon ages. For the remaining dating results, if such precisions are needed, one 
can either use a calendar notation with the use of AD, or BC, or refer to the date when 
the result was produced (Grün, 2008). 
Finally, once all dates were determined and calibrated following the above-
explained techniques, age models for both sedimentary systems (Traba and Louro) were 
constructed. Dates obtained from the two different dating techniques were integrated 
using the notation AD/BC. Considering all data, including both sediment characteristics 
and age, 2D correlation panels were constructed to delineate sediment architecture and 
facies models, which made possible the reconstruction of the evolutionary phases 
during the last millennia.  
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3. Results and interpretation 
The results for both sedimentary complexes (Louro and Traba) are presented 
separately, tackling the applied methodology, as well as a brief interpretation for each 
coastal system. 
3.1. Louro coastal system 
 Facies analysis 3.1.1.
In this section, facies associations are described for the Holocene record. Ten 
depositional facies have been identified considering sediment composition and texture, 
geometry and distribution and faunal/floral content. In these descriptions it is important 
considering the present-day environments in the system (Table 4.3). The facies 
architecture is described from 9 core transects (See Figs. 4.3, 4.4 and 4.5). Facies 
analyses allowed grouping the ten described facies into five facies associations: sand 
barrier (F1-F3), flood-tide delta (F4-F6), washover (F7), lagoon (F8-F9), and marginal 
deposits (F10; Table 4.3). 
Sand barrier:  
The sand barrier facies association consists of facies F1, F2 and F3. This is the 
dominant facies assemblage in the depositional record of Louro. The facies F1 are 
interpreted as beach sediments based on the heterogeneity and textural characteristics 
and the analogues of the present beach Facies F2 are interpreted as aeolian sediments 
on the basis of its high textural maturity and similarity with the modern dunes. The F3 
correspond to the tidal inlet infill, probably most of the sediment filling the inlet is very 
recent considering that every time the inlet opens; the flow excavates a 2.0 m deep 
channel. The lateral area for inlet migration is very restricted due to the confinement 
forced by local rock outcrops in the west and the sand dunes at the east. 
Flood-tide delta:  
The facies F4, F5 and F6 are interpreted as flood-tide delta facies. This 
association is very complex, and is represented in the modern analogues by sand lobes, 
distributary channels and mouth bar deposits. There are also differences considering a 
proximal or a distal position of the deposits relative to the delta. Three major facies 
representing different depositional environments within the flood-delta have been 
identified considering the modern analogues: 1) sandy delta and delta lobes facies (F5), 
which are located within the proximal area, 2) muddy delta facies (F6), which are 
represented by high organic matter content and located in the distal area, and 3) tidal 
delta channels (F4), composed by coarse sands, shell lags, with frequent rip up clasts and 
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pebbles (Table 4.3). 
Washover fans: 
Facies association of washovers consists of facies F7 (Table 4.3). These facies are 
characterized by the presence of shell fragments derived from the benthonic 
communities living in the shoreface of the adjacent beach, and barrier coarse sediments 
transported into the lagoon by sporadic marine flooding during high-energy storm 
events,. In turn, this process re-suspends muddy sediments within the lagoon, which 
settles at the end of high-energy conditions. 
Lagoonal deposits: 
The lagoonal facies assemblage comprises two facies: sandy lagoon (F8) and 
muddy lagoon (F9). The sediment in the lagoon derives from mixed sources, in part is 
the result of wind-blown sand and in part of muddy particles from river inputs and soil 
erosion by runoff. Facies F8 are interpreted as a lagoon with important water 
oscillations where aeolian sand may eventually accumulate whereas facies F9 
correspond to a permanently flooded lagoon dominated by muddy sedimentation.  
Marginal deposits: 
Marginal deposits are represented by F10 and consist of organic-rich 
sediments and/or muddy black peat derived from plant remains, seeds and wood 
fragments sometimes mixed with aeolian sand. These facies are interpreted as marshes 
or shallow ponds located in the lagoon borders considering similar counterparts in the 
vegetated, peripheral, shallow areas of the lagoon. 
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Table 4.3. Depositional facies identified in the sedimentary record of the Lourobarrier-lagoon  
Facies 
assamblage 
Facies 
code 
Lithology 
Sedimentary structure, 
shells and organics. 
Depositional 
environment 
Sa
nd
 b
ar
rie
r 
F1 Variable sorting, white and 
yellow, mixed siliciclastic-
carbonate coarse to fine 
sands, (quartz, micas and 
feldespars). 
Equinoderm fragments  
Open marine bivalve and 
gastropods fragments 
Beach 
F2 Very well sorted and rounded, 
white, medium sand, (quartz). 
Parallel lamination, ripples, 
grain flow units, mm-scale 
heavy mineral accumulation 
layers. 
Dune 
F3 Poorly sorted, sandy 
sediments and some 
carbonate grains.  
Shell lags and broken shells. 
Rip up clasts and pebbles. 
Tidal inlet  
Fl
oo
d-
tid
e 
de
lta
 
F4 Poorly sorted, sandy to 
muddy sediments and 
carbonates. 
Massive. Shell lags. Rip-up 
clasts and coarse mineral 
grains. 
Delta channels 
F5 Poorly sorted, mixed 
siliciclastics and carbonates. 
Medium to fine sand  
Shell fragments from the 
outer (beach and roky 
shore) 
Sandy delta. 
Delta lobes. 
F6 Fairly well sorted alternations 
of fine to very fine grained 
sand and mud. 
Massive Interchannel 
areas and distal 
delta. Muddy 
delta. 
W
as
ho
ve
rs
 F7 Poorly sorted, brownish, 
pebbly sand and coarse shell 
fragments and pebbles. 
Siliciclastic sands and muddy 
sands. 
Transported shell 
fragments. 
Finning upward sequences. 
Washover 
La
go
on
al
 
F8 Poorly sorted, gray, medium 
to very fine mixed siliciclastic 
carbonate grains in an organic 
matrix. 
Rooting and bioturbation  
Whole shells and shell 
fragments of bivalve and 
gastropods 
Brackish lagoon 
with important 
water level 
oscillation. 
Sandy lagoon 
F9 Poorly sorted, brown and 
grey, very fine. Mixed 
siliciclastic-carbonate grains 
and mud. 
Massive. High organic 
matter content. 
Whole and broken shells of 
bivalves  and gastropods 
Brackish lagoon 
permanent 
flooding. Muddy 
lagoon 
M
ar
gi
na
l 
de
po
si
ts
 F10 Peat 
Poorly sorted, brown , fine to 
medium sands (quartz) and 
mud 
Massive.High organic 
matter content. 
Plant remains, seeds and 
wood fragments 
Marsh or 
marginal lagoon 
sedimentation 
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 Age data 3.1.2.
The chronostratigraphy of Louro barrier-lagoon was based on 20 OSL samples 
(Table 4.4) and 31 14C samples (Table 4.5). The resultant OSL and 14C ages are consistent 
and allow us to reconstruct the formation and evolution of the coastal system. 
The OSL dated samples (Table 4.4) were collected in several cores (see Fig. 
4.2): 2 samples in T9L1 (a and b) corresponding to facies F8 (aeolian sands). 3 samples 
were dated in T7L4 (a and b) corresponding to washover facies (F7) and c to facies F8 
(aeolian sands). 4 samples in T6L4 (a to d), 6 samples in T4L12 (a to f) and 5 samples 
were collected in T4L18 (g to k) corresponding to washover facies.  
 
Table 4.4. Luminescence dating results (OSL ages in years before (*)2010; (-)2008).  
Sample 
Depth 
(m, 
ADS) 
Lab. ID. Cosmic (GY) 
Dose Rate 
(Gy/ka) De (Gy) 
No. of 
Aliquots Age (ka) 
Cal. age 
(AD/BC) 
T9L1a 1.48 UNL2590 0.19 1.69±0.08 1.38±0.07 51 (*)1.55±0.12 460 AD 
T9L1b 0.38 UNL2591 0.17 0.86±0.05 2.09±0.08 52 (*)2.42±0.16 410 BC 
T7L4a 2.04 UNL2107 0.19 0.94±0.05 1.60±0.05 48 (-)1.70±0.11 308 AD 
T7L4b 1.77 UNL2108 0.19 0.92±0.05 1.70±0.05 40 (-)1.85±0.11 158 AD 
T7L4c 1.06 UNL2109 0.17 0.93±0.05 2.30±0.06 42 (-)2.47±0.15 462 BC 
T6L4a 2.17 UNL2113 0.19 0.95±0.05 1.77±0.06 44 (-)1.86±0.12 148 AD 
T6L4b 1.17 UNL2114 0.17 1.06±0.05 3.08±0.08 42 (-)2.91±0.17 902 BC 
T6L4c 0.48 UNL2115 0.15 1.03±0.05 3.90±0.11 45 (-)3.80±0.23 1792 BC 
T6L4d -0.31 UNL2116 0.14 0.95±0.04 5.06±0.14 48 (-)5.31±0.33 3302 BC 
T4L12a 2.03 UNL2043 0.19 0.92±0.05 0.16±0.01 40 (-)0.18±0.02 1828 AD 
T4L12b 1.95 UNL2044 0.18 0.98±0.05 0.32±0.02 40 (-)0.33±0.03 1678 AD 
T4L12c 1.13 UNL2045 0.16 0.99±0.05 0.60±0.01 63 (-)0.61±0.03 1398 AD 
T4L12d 0.88 UNL2046 0.15 0.90±0.04 2.06±0.01 41 (-)2.28±0.13 272 BC 
T4L12e 0.80 UNL2047 0.15 0.91±0.04 2.52±0.02 41 (-)2.76±0.15 752 BC 
T4L12f -0.35 UNL2048 0.15 0.94±0.04 4.13±0.11 39 (-)4.38±0.26 2372 BC 
T4L18g 2.05 UNL2593 0.19 0.95±0.05 0.21±0.03 53 (*)0.22±0.03 1790 AD 
T4L18h 1.94 UNL2594 0.18 1.32±0.07 0.34±0.04 52 (*)0.26±0.03 1750 AD 
T4L18i 1.72 UNL2595 0.18 1.09±0.06 0.36±0.01 54 (*)0.33±0.02 1680 AD 
T4L18j 1.50 UNL2596 0.17 0.98±0.05 0.39±0.01 52 (*)0.40±0.03 1610 AD 
T4L18k 1.39 UNL2597 0.17 1.14±0.05 0.46±0.03 52 (*)0.46±0.04 1550 AD 
 
 
The resultant ages correspond  to an interval of time between 3302 BC and 
1828 AD, within the middle and late Holocene Sub-epoch Walker et al. (2012). Four 
groups of ages can be identified; (1) between 902 and 752 BC, corresponding with 
washover facies, F7, (2) from 462 to 272 BC corresponding with aeolian sands, lagoonal 
and dune deposits, F8 and F2, (3) between 148 and 460 AD, corresponding with 
washover facies, F7 and (4) from 1398 to 1828 AD; in this last group washover and 
aeolian sands are present, F7 and F8. 
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Table 4.5. Radiocarbon ages obtained by AMS 14C dating of  bulk organic sediments (organic- rich 
sediments and peat) and articulated valves (*). 
Sample Depth (m, ADS) UGAMS# Δ
13C, ‰ 
14C age, years 
BP 
Cal age 
ranges (2σ) 
Median 
probability  
(a cal BP) 
Cal. age 
(AD/BC) 
T3L6 -1.15 3320 -26.6 7170±30 7942-8024 7985 6035 BC 
T4L1 0.10 2808 -25.5 4850±40 5576-5657 5596 3646 BC 
T4L1 0.97 2807 -26.14 3300±40 3445-3635 3527 1577 BC 
T4L6 -0.45 2809 -26 4830±40 5473-5552 5545 3595 BC 
*T4L11 -1.50 2158 -1.9 5470±50 5714-5955 5844 3894 BC 
*T4L12 -1.22 2810 -1.99 5460±40 5723-5922 5835 3885 BC 
T5L3 1.62 3321 -26 2210±25 2151-2318 2233 283 BC 
T5L3 0.69 3322 -26.3 3270±25 3443-3566 3499 1549 BC 
*T5L7 -1.38 3323 0.4 4580±40 4688-4864 4805 2855 BC 
*T5L10 -1.18 3324 -1.8 4460±30 4531-4778 4648 2698 BC 
T5L10 -1.43 3325 -21.9 6150±30 6959-7159 7064 5114 BC 
*T5L15 -0.17 3326 -2.3 4150±30 4106-4348 4221 2271 BC 
*T5L15 -1.45 3327 -10.5 4840±30 5026-5266 5147 3197 BC 
*T6L9 -1.01 2811 0.22 4410±40 4425-4717 4570 2620 BC 
T6L12 0.48 2812 -21.7 3060±40 3201-3374 3285 1335 BC 
T6L13 -1.83 2813 -24.01 4490±50 5026-5307 5153 3203 BC 
T6L17 1.41 4520 -23.6 1300±35 1174-1294 1240 710 AD 
T6L17 0.73 4521 -24.1 1370±35 1256-1348 1295 655 AD 
T6L17 0.52 4522 -23.8 1500±30 1312-1417 1380 570 AD 
T6L17 -0.13 4523 -21.7 1590±35 1400-1548 1470 480 AD 
T6L17 -0.69 4525 -21.3 1950±45 1812-2001 1901 49 AD 
T8L2 -1.85 2161 -24.8 3670±40 3888-4094 4033 2053 BC 
T8L3 -2.68 2814 -22.43 2270±40 2156-2268 2244 294 BC 
T8L3 -1.84 4532 -21.3 2040±35 1922-2072 1997 47 BC 
T8L5 0.23 2815 -23.52 1970±41 1856-1998 1921 29 AD 
T9L1 1.67 4533 -22 1240±35 1072-1266 1181 769 AD 
T9L1 1.37 4534 -21.9 1570±35 1385-1535 1464 486 AD 
T9L1 0.88 4535 -21.3 2310±35 2300-2363 2335 385 BC 
T9L1 0.62 4536 -21.1 2280±35 2299-2351 2303 353 BC 
T9L1 0.26 4537 -21.5 2540±35 2490-2603 2624 674 BC 
T9L1 -0.26 4583 -20.5 2830±25 2861-3001 2931 981 BC 
 
 
The 14C dated samples were taken in several cores. The results are presented in 
the table 4.5. The time interval covered by the 14C ages ranges from 6035 BC to 981 AD. 
The time range is greater than the obtained with the OSL ages, and is found within the 
middle and late Holocene. 
 Sedimentary architecture 3.1.3.
Correlation panels showing the sedimentary architecture are represented in 
Figures 4.3, 4.4 and 4.5. Louro barrier-lagoon forms a small sedimentary basin, 
surrounded by granite outcrops, corresponding to a drowned, small fluvial valley. The 
coring system only allows taking samples up to 5 m from the surface and so, it was not 
possible to establish the total sediment thickness in the inner lagoon and barrier area 
where the basement was never reached. Eight of the recovered cores reached the 
granite basement in the marginal areas of the lagoon (Figs. 4.3 and 4.5) which is formed 
by a weathered regolith. 
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Peat layers overlying the basement, with a radiocarbon age circa 6000 a BC 
(Fig. 4.3) are the oldest sediments. Conversely, the oldest dated barrier sediments 
yielded ages around 4000 a BC (Fig. 4.4). The landward migration of the barrier suggest a 
dynamic sedimentation regime involving barrier accretion, inlet breaching, flood tide 
delta development and back-barrier overwash parallel to the formationof a brackish 
lagoon in the back-barrier area. Overwash processes were frequent in some stages of 
the evolution of the system as reflected by the relative abundance of washover 
packages in some parts of the record. The basal sandy lagoonal facies present a variable 
topography. There is a gradual but rapid transition to the muddy lagoonal facies 
landwards the Northeast (Fig. 4.5). The lagoonal facies are interlayered towards the 
northwest margin of the lagoon with the distal flood-tide delta facies. 
Transect T6 (Fig. 4.5) shows a transverse cross-section from the inner part of 
the barrier towards the lagoon with facies transitions from the barrier to the sandy 
lagoon and muddy lagoon deposits. These changes reflect the transition between the 
area of the lagoon affected more directly by the barrier and the deeper muddier lagoon. 
The sandy lagoonal facies show mixed faunal communities sourced from the open 
marine and from the lagoon zones closer to the barrier.  
A flat surface, gently dipping landwards is observed today in the back-barrier 
covered with marshy vegetation. This surface derives from the vertical accumulation of 
washover fans (see also T7, Fig. 4.5). The washover facies (F8) show typical wedge-
shaped units, few decimeters thick; thinning towards the lagoon and slightly dipping 
landwards. Their lateral distribution is not continuous. The internal structure is 
characterized by several vertically stacked, fining-upwards sequences showing 
distinctive low-angle dipping sheets disrupting the sand barrier. There are some thin 
washover deposits in the deeper part of the section, with the oldest dating at 3302 a BC. 
During later depositional events (after 902 a BC) the washovers are larger. Considering 
the age and the spatial coverage of the washover fan deposits in the different sections, 
it is apparent that there has been a concentration of the overwash processes towards 
the north over time. The washover fans at the south end of the barrier are older while at 
the north end they are relatively recent suggesting an earlier abandonment of the 
corridors in the south. Nowadays, all the corridors have a relatively high elevation and 
are inactive. The youngest washovers and dune deposits dated within the system 
yielded an age around 1800 a AD. The accumulation of muddy facies interpreted as 
marshlands at the top of the washovers supports prolonged periods of overwash 
inactivity.  
Facies distribution in the lagoon suggests the evolution towards more 
restricted conditions, very sporadic opening of the inlet and reduced communication 
with the sea. A general increase in mud and organic matter is also apparent and 
indicates some degree of eutrophication, which could be recently enhanced by the 
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practices developed in the area by the human communities.  
Transects T1 to T3 are located at the north end of the barrier where the beach 
is anchored to the basement and is sporadically affected by inlet breaching in recent 
times. Facies F1 (beach) and F2 (dune) lay on the rock basement at the landward side 
and are partially cut by the tidal inlet (Fig. 4.3). F3 are representative of the tidal inlet, as 
depicted in T1 and T2 (Fig. 4.3). These facies presents a sharp and erosive contact 
between the base of the channel and the underlying strata. In the inlet area, the base 
cuts into the barrier facies. The tidal inlet observed in T1 and T2, occupy the position of 
the inlet observed in the aerial images since 1956 (Fig. 2.19, Chapter 2). It has been 
suggested that the position of the channel depends on the beach topography during the 
breach of the barrier (Almécija et al., 2008; Almécija et al., 2009; Pérez-Arlucea et al., 
2011). The channel units, corresponding to barrier breaching occurs through the lower 
zone of the barrier eroding the beach and forms a channel with a maximum depth of 2 
m, which seals in a few days or weeks (Almécija et al., 2008; Almécija et al., 2009; Pérez-
Arlucea et al., 2011). This fact implies that the sediments in the inlet area are fairly 
recent and that sediments have been reworked repeatedly in the inlet area, being 
transported into the lagoon or towards the sea when the channel is open. The lateral 
area for inlet migration is very restricted due to confinement forced by local rock 
outcrops in the west and the sand dunes at the east. Water flow and sediment are 
transported along the main channel into the lagoon during the rising tides. This process 
is enhanced during storms and spring tides owing to the development of the flood tidal 
delta. T3 shows the proximal part of the delta where the inlet is divided in two channels 
separated by sand bars.  
Cross-section T4 shows the spatial relation between the inlet, the proximal 
delta and the barrier. This section was surveyed through one of the corridors avoiding 
the high crests within the dune-field. The more active distributary channel is located at 
this margin, close to the barrier. The delta is developed over sandy lagoonal facies at the 
center and over muddy lagoon and peat facies towards the north along the inner and 
distal areas. Flood-tide delta facies are formed by the entrance of material through the 
inlet once it is opened and as the tide rises and, at least recently, by overswash 
processes during storms, when the inlet is closed. Delta deposits show complex and 
rapid changes showing channel switching, mouth bar progradation and interchannel 
muddy areas, which are often removed by erosion as indicated by the abundance of 
mud clasts. It results very difficult to separate individual sand lobes, as they are mostly 
amalgamated. However, an erosive contact between the base of the channel and 
underlying delta sediments is observed. Sand lobes progradation and abandonment 
gives way to fining-upward sequences in which an increase in mud and rooting is 
observed (Fig. 4.4). Equally, a general increase in mud and vegetation (marsh facies) can 
be observed in the most recent deposits of the delta due to a progressive decrease in 
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the activity of the inlet and consequent delta abandonment in recent times. Channel fill 
deposits have a lenticular shape with erosive bases, most of which are covered by mud 
shell lags, rip-up clasts and coarse mineral grains. The delta channels are usually 
represented by fining-upwards sequences, including layers of mud and/or marshy 
deposits at the top. Channel distribution, as observed in the aerial photos of the last 
decades; suggests that the number of active channels is limited as the flow usually 
concentrates in only one or two active channels. Therefore, it is expected that the 
progressive abandonment of a channel will give way to discrete avulsion and delta-lobe 
switching.  
A prominent feature in the lagoon and delta deposits is the presence of 
vertically stacked, m-scale, fining-upward units corresponding to the progradation of 
delta lobes and subsequent progressive abandonment. The shallow areas are composed 
of fine-grained grey sand with a variable content in organic matter. Towards the inner 
and deeper areas, the content in mud and organic matter increases passing very 
abruptly into black, organic-rich clays (Figs. 4.4 and 4.5). Vegetated areas, surrounding 
the lagoon, give way to peripheral marshes where peat develops. A general increase in 
mud is observed for the upper layers in all the lagoon and delta area. Rooting by grasses 
and reeds is also common. These cover the antecedent washovers and the delta, 
supporting the progressive infilling and the reduction of the dynamism within the 
lagoon. 
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Fig.4.4. Squematic sections of core transects T4., T5 and T8 in Louro barrier-lagoon complex, showing facies distribution, sediment architecture and dates.  
137 
Coastal adaptation to Holocene sea-level and climate variability                                                            
 
Fig. 4.5 Squematic sections of core transects T6, T7and T9 in Louro barrier-lagoon complex, showing facies distribution, sediment architecture and dates. See Fig. 4.2 for location. 
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 Interpretation 3.1.4.
The OSL and 14C ages, allow us to illustrate the formation and evolution of the 
barrier-lagoon system in a timeframe.  
Four main phases in the barrier building and lagoon infilling can be identified 
according to the architectural and age models (Fig. 4.6). The schematic representation is 
based on profiles T6; T7, T8 and T9, where the influence of the delta and inlet are 
minimal.  
Phase 1: 6050 -3300 BC (8000 – 5300 cal BP); Barrier onset. 
The phase 1 (Fig. 4.6) is characterized by the barrier anchoring and lagoon 
development in the back-barrier area. The oldest obtained 14C age (6035 BC) 
corresponds to a peat layer deposited over the basement in the transect T3 (Fig. 4.3 and 
Table 4.5), suggesting the flooding of the coastal basin with marginal sedimentation. 
The sandy sedimentation in the back-barrier area starts before 5114 a BC 
according to the 14C age of the organic-rich layer in transect T5 (Fig. 4.4 and Table 4.5), 
which lies over a sandy layer. This suggests the presence of a frontal barrier allowing 
water retention and subsequent organic-rich sedimentation in the back-barrier area. 
The presence of aeolian sands within the organic-rich sediments deposited in the lagoon 
might be a consequence of sand inundation related to climate instability. 
This would explain the onset of the coastal system as sea-level was close to 
present.  
Phase 2: 3300 BC-1550 BC (5300-3500 cal BP); Barrier retrogradation. 
The phase 2 is characterized by barrier retrogradation and lagoon infilling by 
aeolian sand. During this phase the deposition of peat layers occurs at marginal areas at 
the north of the system between 3900 and 3600 a BC (Transect T4, Fig. 4.4; Table 4.5). 
Radiocarbon ages from bivalves in life position in Transect 5 and 6 dated 
between 2855 and 2271 a BC (Figs. 4.4 and 4.5; Table 4.5) are indicative of a relative  
degree of salinity in the lagoon allowing the growth of bivalve communities and 
suggesting the onset of marine influence within the basin. Marine influence and 
sporadic flooding of the basin are supported by the occurrence of overwash in Transects 
6 and 4 between 3302 and 1792 a BC (Figs. 4.4 and 4.5; Table 4.5), which document and 
imply a relative permeability of the barrier at the end of this phase. 
The above suggests that since the onset of the coastal system 8000 a BP to the 
end of this phase sea-level was rising at a low rate owing to the retrogradation of the 
system in a context of relatively low sediment availability. The latter explains the 
retrogradation of the barrier over the lagoon through the formation of transgressive 
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aeolian dunes.  
Phase 3: 1550 BC- 450 AD (3500 – 1500 cal BP); Barrier flooding. 
This phase is marked by marine flooding and barrier instability (Fig. 4.6). 
Coarse-grained sedimentation from 902 a BC to 308 a AD are indicative the overwash of 
the barrier, mainly in the south side (Fig. 4.6; 3A). At the north, the delta initiation circa 
1550 a BC is inferred from the 14C age obtained from the deposit underlying the delta 
lobes (Fig. 4.6; 3B), (Fig. 4.4). The infilling of the lagoon by fine-grained sedimentation is 
apparent in Transects 8 and 9 (Fig. 4.4 and 4.5) with aeolian layers alternating with peat 
layers.  
Phase 4: 450 AD to present (1500 cal BP to present); Barrier progradation. 
The phase 4 is characterized by stabilization and aggradation/progradation of 
the barrier and reduced marine influence in the lagoon, marked by fine-grained 
sedimentation in the back-barrier area (Fig. 4.6). Another characteristic is the shrinking 
of the lagoon as documented by the development of peripheral marshes covering older 
washover deposits and the delta. 
Coarser-grained sediments confined to the north of the barrier (transect 4, Fig. 
4.4) are interpreted as the last washover fans recorded in the area yielding an OSL age 
of 1828 a AD.  
The recent (decadal) evolution (from 1970 a AD) of the barrier is presented in Chapter 2 
based on aerial imagery interpretation. This corroborates the trend observed within this 
fourth phase as it documents the reduction in the dynamism of the inlet area regulated 
by the water level in the lagoon and storm surges. 
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Fig. 4.6. Schematic illustration of the system evolution since the 6050 a BC. The dashed lines indicate the 
hypotesized sand barrier profile of every antecedent phase. 
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3.2. Traba coastal system 
 Facies analysis 3.2.1.
Eight different radar facies (Rf-1 to Rf-8) (Fig. 4.7) and four radar surfaces (Rs-1 
to Rs-4; Fig. 4.8) were identified in the radargrams following the terminology proposed 
by Neal and Roberts (2000) and Neal (2004). Radar facies identification was 
implemented with the data from sediment cores collected to groundtruth the 
geophysical data. 
The identified Rf were sssembled into three groups (Fig.4.7): the first group 
consists of inclined reflections, the second group contains predominantly horizontal 
reflections and the third group includes chaotic reflections. The identified radar surfaces 
(Rs) were grouped into two principal types: erosive surfaces and boundary surfaces 
marking major changes in subsurface composition (Fig. 4.8). 
 
Fig. 4.7. Radar facies architectural elements identified in the radar sections. The radar facies were divided 
into three categories, based on geometric criteria: inclined, horizontal and irregular reflections. 
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Radar facies 1 (Rf-1):  
Packages of Rf-1 are dominated by medium to large amplitude, continuous, 
sigmoidal shaped reflections dipping landward. Rf-1 appear below the water table. Dips 
rise from 2° to 8°, with horizontal extensions up to 50 m (Figs. 4.15 and 4.16). Sediments 
within this radar facies are moderately well sorted, medium to fine grained sand with a 
mean size around 0.34 mm, with predominance of quartz, K-feldspar and micas. The 
strongest reflections observed in this radar facies correspond to centimeter layers of 
organic- rich sand or very coarse silt (muddy sand). Rf-1 were interpreted as the 
landward migration of the sand barrier in different pulses. Landward migration occurs 
through the formation of transgressive aeolian dunes advancing inland driven by 
onshore winds. Each pulse is separated from another by layers of fine grained sediments 
marked by strong reflectors in the radar record. Rf-1 are commonly truncated by 
subhorizontal bounding surfaces that result from aeolian deflation, which depends on 
the position of the water table over time. 
Radar facies 2 (Rf-2):  
Rf-2 are formed by low-angle, seaward dipping reflectors, up to 4°, gently 
undulating or clinoforms reflections. These Rf are found above the water table (Figs. 
4.14, 4.15 and 4.16). The sedimentation governing this facies results in moderately well 
sorted medium to fine grained sand with a mean grain size around 0.38 mm. In the 
sediments close to the shoreline an increase of fragmented shells and a poorer selection 
is observed. In this area these facies includes the beach and dune environments. Rf-2 
were interpreted as representing the seaward migration of the sand barrier or the 
barrier progradation. The increase of shell content could be indicative of the upper 
foreshore sediments. 
Radar facies 3 (Rf-3):  
These radar facies are formed by curved concave reflectors infilling erosive 
surfaces. Rf-3 were interpreted as a divergent fill of incised channels. These facies 
present the highest extent in the transect TR7 (Fig. 4.13), with a maximum width of 150 
m and 5 m deep. The core data indicate that the incised channel was filled with well 
sorted, aeolian sand grains (with a mean grain size of 0.41 mm), interlayered with 
organic- rich sediments. An intense bioturbation is observed in the sediment record and 
there are entire freshwater gastropod shells in the cores close to lagoon area, which 
suggests that the lagoon or the drainage channels occupied this area before.  
Radar facies 4 (Rf-4):  
Packages of RF-4 are dominated by low amplitude, discontinuous and curved 
concave up reflectors, located above the water table. The sediments within these radar 
facies consist of poorly sorted, coarse to fine sand with shells fragments. These are 
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interpreted as scour and fill structures within the dunes. Rf-4 reach its maximum 
expression in the transect TR1 (Fig. 4.16). 
Radar facies 5 (Rf-5):  
Laterally continuous, generally concordant up to 25 m long reflections 
represent Rf-5. These facies comprise high amplitude parallel and subhorizontal 
reflections. Rf-5 are located above the water table, overlying Rf-1. Sediments consist of 
moderately well sorted, medium to fine sand. Bioturbation is observed on the top. Rf-5 
are interpreted as aeolian dune deposits with vertical aggradation. 
Radar facies 6 (Rf-6):  
Packages of Rf-6 were identified in the upper part of the radar transects and 
consists of irregular reflections. Low amplitude, laterally discontinuous, concave and 
convex up reflectors comprise these radar facies. Crosscutting reflections and low to 
moderate apparent dips are observed within these radar facies. Core data show 
moderately well sorted, medium to fine quartz sands, with rest of roots and a high 
degree of bioturbation. These radar facies are interpreted as accretionary deposits 
accumulating around the vegetation and bioturbated dune deposits. 
Radar facies 7 (Rf-7):  
Packages of Rf-7 are dominated by reflection free or oblique and chaotic 
reflections. The cores collected in these Rf correspond to soil horizons and 
undifferentiated reworked soils, forming Fe-rich sediments over a weathered granite 
(weathered regolith) or peat layers. Rf-7 are interpreted as reworked soils or weathered 
subsurface bedrock. 
Radar facies 8 (Rf-8): 
Rf-8 are characterized by reflection-free zones within the radargrams. The 
absence of reflections in this case is related to the attenuation of the signal. The signal 
attenuation is due to the penetration of salty groundwater, which is highly conductive. 
These radar facies are located at the seaward part of the radar transects (Fig. 4.15). 
Radar surface 1 (Rs-1): 
Above the water table, Rs-1 are represented by medium to large amplitude 
and high angle (4.5 to 8.1°) seaward dipping reflectors. These surfaces are partially 
cutting underlying reflections and suggest the partial erosion of the foredune promoting 
the development of cliffed foredunes. 
Radar surface 2 (Rs-2): 
Below the water table, high amplitude, curved and concave-up reflections 
forming erosive surfaces are interpreted as incised channels. These erosional surfaces 
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indicate channel shifting marking different positions of the inlet or channels associated 
with the drainage of the lagoon. 
Radar surface 3 (Rs-3): 
These surfaces are formed by laterally continuous, high amplitude, 
subhorizontal, paired reflections at around 2-3 m ADS. Rs-3 cut across other reflectors, 
some of which can be traced passing through it. Rs-3 are interpreted as the water table, 
which forms a strong reflector because of the contrast in dielectric properties at the 
transition between wet and dry sands. 
Radar surface 4 (Rs-4): 
Medium to large amplitude signal, discontinuous to continuous and 
subhorizontal or inclined reflections represent the Rs-4. Rs-4 may cut the underlying 
reflections and could be expressed as a double or paired reflection. Rs-4 correspond to 
centimeter-thick layers of organic- rich sediments, humic horizons or peat found in the 
cores. The resolution of the applied frequency is lower than the thickness of layers 
which means that the method will not be able to discriminate every singles layer, but 
will detect changes in sediment composition as a strong reflector.  
 
Fig. 4.8. Radar surfaces identified in the radar sections. 
 Age data  3.2.2.
The resultant ages of OSL and 14C are consistent regarding the stratigraphic 
succession and allow us to develop an interpretative model that resumes the evolution 
of Traba barrier-lagoon system.  
The OSL dated samples are collected from core B1 and T4S3 (Table 4.6 and 
Fig.4.9). Core B1 was collected within the GPR profile S, crossing the saucer blowout 
analyzed in the previous chapter (Fig. 3.10). Core T4S3 was collected in the landward 
side of profile TR4 (Fig.4.1).  
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Table 4.6. Luminescence dating results (OSL ages in years before 2011). (See Fig. 4.16 for location). 
Sample 
Depth 
(m, ADS) 
Lab. ID. 
Cosmic 
(GY) 
Dose 
Rate 
(Gy/ka) 
De (Gy) 
No. of 
Aliquots 
Age (ka) 
Cal. age 
(AD/BC) 
B1-1 0.9 UNL3196 0.13 1.69±0.08 6.79±0.18 50 4.02±0.25 2009 BC 
B1-2 0.3 UNL3193 0.12 1.69±0.08 7.61±0.11 60 4.51±0.27 2499 BC 
B1-3 -0.2 UNL3192 0.11 1.64±0.08 7.81±0.16 55 4.77±0.30 2759 BC 
T4S3-1 1.0 UNL3201 0.15 1.78±0.10 2.86±0.06 54 1.61±0.11 401 AD 
T4S3-2 0.45 UNL3199 0.15 1.74±0.09 2.81±0.04 67 1.62±0.10 391 AD 
T4S3-3 -0.4 UNL3197 0.14 1.73±0.09 2.90±0.05 60 1.67±0.11 341 AD 
 
 
Figure 4.9 shows the lithological logs of the OSL sampled corers and 
corresponding geophysical signature, plotted together with the grain size information. 
This shows how the ages are grouped in different depositional times. Thus, the units 
characterized by NNE dipping strata and identified at 1 to 0 m ADS in GPR Profile S were 
accumulated between 2759 and 2009 a BC. Conversely, units characterized by SE 
dipping reflectors (landwards) at 1 to -0.4 m ADS in GPR Profile TR4 yielded ages around 
341 to 401 a AD. 
 
 
Fig. 4.9. Lithological logs and grain size data of cores B1 and T4S3. Grey shading and interpretation of GPR 
data at the postion of cores. Available OSL ages are shown with the position in the core. 
 
The 14C dated samples were collected in cores P2, T4S9, T5S3 and T5S4 (Table 
4.7 and Figs.4.14 and 4.15). 
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Table 4.7. Radiocarbon ages obtained by AMS 14C dating of sediment from core P2, T4S9, T5S3 and T5S4 
(See Fig, 4.17).  
Sample 
Depth 
(m, ADS) 
UGAMS# Δ13C, ‰ 
14C age, years 
BP 
Cal age 
ranges (2σ) 
Median 
probability  
(a cal BP) 
Cal. age 
(AD/BC) 
P4-1 -1.7 7519 -23.4 730±20 668-681 676 1274 AD 
P4-2 -1.95 7521 -25.2 880±35 564-590 791 1159 AD 
T4S9 0.9 8630 -27 4610±30 5304-5324 5404 3454 BC 
T5S3-1 3.85 8632 -26.2 3040±30 3215-3269 3265 1315 BC 
T5S3-2 3 8633 -27.6 4280±30 4837-4858 4849 2899 BC 
T5S4 2.45 8631 -26.7 5240±30 5931-6001 5981 4031 BC 
 
 
Figure 4.10 shows the lithological logs of the 14C sampled corers and 
corresponding geophysical signature, plotted together with the grain size information.  
 
 
Fig. 4.10. Lithological logs and grain size data of cores P4, T4S9, T5S3 and T5S4. Grey shading and 
interpretation of GPR data at the postion of cores. Available 14C ages are shown in the cores. 
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The core P4 was collected within the proximities of GPR profile TR7. Therefore, 
it was used to groundtruth observed reflectors corresponding to the infill of one of the 
incised channels (Figs. 4.9 and 4.13). The core T4S9 was collected within GPR profile TR4 
while corers T5S3 and T5S4 were collected within profile TR5. The ages obtained in core 
P4 range between 1159 and 1274 a AD. The dated sediments correspond to humic 
horizons interlayered with sandy levels (Fig. 4.10). The sediment overlying surface S1 
observed in the profile TR4 (Fig. 4.15) was dated in core T4S9, at a depth of 0.9 m ADS; 
with an age of 3454 a BC. Sediments over surface S1 in profile TR5 (Fig. 4.14) were dated 
in cores T5S3 and T5S4, at around 3 and 2.5 m ADS respectively. The age obtained in 
T5S4 was 4031 a BC and 2899 a BC in T5S3. Sediments covering surface S2 identified in 
GPR line TR5 were dated in core T5S3 at a depth of 4 m ADS around 1315 a BC. 
 Sedimentary architecture 3.2.3.
The sedimentary architecture has been analyzed considering the seven 
geophysical transects and the set of cores collected within the GPR transects in the core 
of the barrier and within the proximities of the lagoon (Fig. 4.1). The cores collected in 
the central barrier (Fig. 4.11) are characterized by an upper sandy unit and a lower unit 
characterized by interlayered sandy and muddier, organic- rich layers. Figure 4.12 shows 
the cores collected in the proximities of the lagoon. The cores show more frequent 
organic-rich layers towards the lagoon. Highly bioturbated sandy deposits in the top and 
organic-rich sand at the bottom characterize these deposits.  
The GPR transects image the internal structure of the present dune-field. To 
describe the sedimentary architecture of Traba, the radar facies (section 3.2.1) have 
been grouped into five major units: U1 to U5. 
Unit U1. Unit formed by packages of Rf-7 (i.e. reworked soils or weathered 
subsurface bedrock).  
Unit U2. This unit is composed by radar facies Rf-7 (i.e. reworked soils or 
weathered subsurface bedrock). This unit comprises a soil horizon or Fe-rich sediments 
within this architectural unit. This unit is located covers U1. 
Unit U3. U3 consists of Rf-1 packages, which are formed by aeolian dunes 
migrating inland due to onshore winds. This unit is below the present water table and 
over U1.  
Unit U4. U4 is bounded by Rs-2 erosive surfaces and consists of Rf-3 packages 
(divergent fill of incised channels). U4 is also below the water table and cuts through U3. 
Unit U5. Radar facies Rf-2, Rf-4, Rf-5 and Rf-6 represent unit U5. This unit 
represents the more recent deposits conforming the present coastal sand barrier.  
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Transect TR7 (Fig. 4.13) lies in the inner part of the barrier, parallel to the shoreline, and 
runs along the limit between the lagoon and the barrier. Maximum penetration depth in 
this profile is about 4 m, reached only in the southern part of the system. TR7 shows 
irregular and laterally discontinuous reflections. Two principal units are identified within 
this transect: U3 and U4. The U3 in this transect is formed by different elements 
including several sloping erosional surfaces (Rs-2) that truncate preexistent bedding and 
are filled with curved concave reflectors (Rf-3). These represent older positions of the 
inlet or lagoonal drainage channels. These morphological elements present a maximum 
width of 150 m (between 725 and 825 m in TR7) and a maximum incision depth around 
5 m. The core data indicates that the incised channel is filled with aeolian sediments 
interlayered with organic- rich sediments. 
 
 
Fig. 4.11. Cores coleccted in the central part of the barrier. 
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Three different units are identified in transect TR6: U1, U2 and U5 (Fig. 4.14). 
TR6 has a maximum penetration depth of 7 m. Penetration in the line was controlled by 
the intrusion of salt water from the beach (Rf-8) at the NNW and by the subsurface 
bedrock (Rf-7) at the SSW. The latter was confirmed with a core that reached a 
weathered regolith at its base. In this profile the position of the water table is 
conditioned by the bedrock topography (U1). A peat layer is observed over the 
basement in the cores, represented by S1 in the GPR transect. Overlying this surface, a 
soil is also found, representing a predune deposit (U2). Another peat layer between the 
predune and the dune deposits is identified and marked as S2 in Fig. 4.14. The upper 
part of the profile is dominated by U5, which is represented by Rf-2 packages. This unit 
represents the seaward progradation of the sand barrier. Rf-4 can be identified in the 
 
Fig. 4.12. Cores collected in the lagoon border.  
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landward direction. In addition, seaward dipping reflectors (Rs-1) of high amplitude 
partially cut underlying reflections that represent the frontal dune ridge.  
U1, U2, U3 and U5 are present in transect TR5 (Fig 4.14). In this transect, a 
strong reflector (erosive surface Rs-1) covers and cuts U1 . Rs-1 is overlaid by organic-
rich deposits (Fig. 4.8), which are also identified in the profiles TR3, TR4 and TR6 (Figs. 
4.14 and 4.15). The materials below this reflector may represent the basement (Rf-7). In 
transect TR5 (Fig. 4.14) three new surfaces representing organic-rich layers (S2, S3 and 
S4) have been identified. Groundtruth of S2 indicates that this surface corresponds to 
the contact between iron-rich materials and organic-rich sandy sediments. S3 marks the 
transition between two layers of sand with different contents in organic matter, while 
S4 represents the transition between a peat layer and an organic-rich sand layer. 
Profiles TR3 and TR4 (Fig. 4.15) present a similar radar configuration with the 
same architectural units. The seaward half part of the profiles is characterized by a 
shallow basement (U1) which was identified in the lower part of the profiles. Packages 
of Rf-1 (Fig. 4.7) were recognized within the landward part of the profiles characterized 
by landward-dipping reflectors forming the stratigraphic unit U3. These reflectors form a 
set of cross-stratification (1 to 3 m foresets) with a maximum slope of 8°. The dominance 
of foresets suggests that the dune was basically formed by landward transport of sand. 
The presence of sandy layers interlayered with organic- rich beds suggests that the 
landward sand transference was punctuated.  
Foresets are limited upwards by a strong reflector (Rs-3, Fig. 4.8) interpreted 
as the water table, which in turn could be interpreted as a deflation surface. In these 
profiles, U5 is represented by sub-horizontal bedding and surfaces gently dipping (less 
than 4°) seaward (i.e. towards the NW) at the seaward part of the barrier and above the 
water table. Depositional units migrate seawards (Rf-2) and accrete upwards (Rf-5 and 
Rf-6).  
Transect TR2 presents a radar configuration similar to TR3 and TR4 (Figs. 4.15). 
The lower unit (U3) was characterized by packages migrating landward while the upper 
unit (U5) was characterized by packages advancing seaward. The packages located 
above the water table are interpreted as reworked sediments deposited during 
reactivation events. Some of these packages could correspond to some of the elements 
identified within the aerial photographs. The lower unit is truncated by three erosional 
surfaces (Rs-2) indicating the basal extent of the channels draining the lagoon. The latter 
are filled with muddy sediments in the base and aeolian sediments in the top (U4 in Fig. 
4.15). As shown in Chapter 2 (section 3.1.2.2; Fig.2.15) in 1945 the channel was 
separated into two branches running parallel as they crossed the dune-field, most likely 
partially eroding the back-barrier. The position of U3 matches the position of one of the 
two branches observed in 1945. 
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TR1 is located at the northern section, running across the barrier (Fig. 4.15). 
TR1 is represented by packages of seaward dipping reflectors of Rf-2 conforming U4. In 
this case, erosional surfaces delimitate several packages of Rf-4 facies landward. 
The frontal dune ridge (FR) is close to 100 m wide along the shoreline (Figs. 
4.14 and 4.15). The last seaward advance of this foredune dates between 1971 and 2008 
(last aerial photograph). The foredune advance was not continuous; there are several 
episodes of retreat marked by the radar surfaces Rs-1.  
Figure 4.16 shows a 3D correlation panel considering all the intersecting GPR 
profiles. The lateral correlation allows visualizing the position and geometry of the 
basement (U1) from transects TR3 to TR5 and the spatial relations between all the 
described units. The basement only crops out in the southern part and could function as 
the anchor core of the sand barrier. U2 is restricted to transects TR5 and TR6, where the 
basement is shallower. In the other transects, over the basement U3 forms a series of 
cross-stratified sedimentary packages with landward dipping foresets, reaching the 
lagoon area. In transects TR7 and TR2, below the water table, several incised channels 
(U4) truncate the sediments of U3. Finally, the entire system is covered by sand, the unit 
U5; with two principal different radar configurations. Seaward dipping reflectors, 
interpreted as foredune ridge migration and a set of subhorizontal and/or horizontal, 
irregular, discontinuous reflections interpreted as a the vertical aggradation of the 
innersand dune. 
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Fig. 4.13. GPR profile TR7. Interpretation of the radar data and position of cores. 
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Fig. 4.14. GPR profile TR6 and TR5. Interpretation of the radar data and position of cores.. 
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Fig. 4.15. GPR profiles TR1, TR2,TR3 and TR4. Interpretation of the radar data and position of cores. The SB letters indicate the position of the present saucer blowout. FRyears are indicative of the year of the foredune ridge position in the aerial photograph. Black arrows 
are indicative or the advance direction. 
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Fig. 4.16. Three dimensional sketch of intersecting  GPR profiles illustrating the relationships between the described radar facies. 
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 Interpretation 3.2.4.
Four main phases in the evolution of the system have been identified 
according with the GPR and core results (Fig. 4.17). The obtained OSL and 14C ages are 
coherent and allowed us to more accurately establish the evolution of Traba coastal 
system and to illustrate the spatial and temporal variability of the process responsible 
for barrier building since 4050 a BC. 
Phase 1: 4050-3050 BC (6000 – 5000 cal BP); Barrier onset. 
The phase 1 (Fig. 4.17) is characterized by the onset of the sedimentation in 
the study coastal area. Sedimentation occurred in the landward side of an incipient 
barrier, which in turn should guarantee the isolation of the recently formed lagoon. The 
irregular basement mapped in the GPR transects, would also allow the development of 
several shallow ponds and the sedimentation of peat deposits over the basement with 
14C ages of 4031 a BC in the southern part of the system (TR5) and 3454 a BC in TR4 (Fig. 
4.10 and Table 4.7).  
Phase 2: 3050-1300 BC (5000 - 3250 cal BP); Barrier retrogradation and flooding. 
The second phase began circa 3050 a BC considering the associated error of 
the OSL ages obtained in core B1, which document aeolian sedimentation before 2759 a 
BC (Fig. 4.9, Table 4.6). The 14C ages obtained in T5S3 (Fig. 4.8 and Table 4.7) restrain the 
initiation and end of this phase. The basal age (2899 a BC) corresponds to a peat layer 
that covers the basement and could be formed during the beginning of this phase, 
simultaneously to the formation of the transgressive dunes. The other layer yielded an 
age of 1315 a BC and overlies an iron oxides rich sedimentary layer (U2, Fig. 4.15). The 
iron oxides could derive from the alteration of the basement after the barrier 
inundation. This 14C ages could be considered as an indicator of the end of the barrier 
inundation phase and the beginning of recovery owing to the peat formation. 
This phase is characterized by several pulses of transgressive dunes migrating 
landward interlayered with peat sedimentation forming U3 (Figs.4.13, 4.15 and 4.16). . 
The occurrence of strong and persistent winds during this phase is discussed, that 
should promote the formation of transgressive dunes and their landward migration 
(Fig.4.17, 2A). In addition, if the direction of the dipping reflectors (Rf-2) is considered, 
they support former westerly winds.   
The end of this transgressive phase is marked by the inundation of the barrier 
and the partial erosion of the aeolian dune-field (Fig. 4.17, 2B). The barrier flooding 
implies a quick rise of water level. In the SW of profile TR7 a deep incision is observed 
and can be interpreted as a representing the formation of a large (circa 75 m width and 
3 m deep) lagoonal drainage channels (U4) eroding previous sedimentary units (U3) (Fig. 
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4.13 and 4.16). Conversely, other GPR profiles show a horizontal erosional surface 
cutting the underlying structures, matching the present water table elevation. At the 
seaward side, this erosional surface marks the retreat of the shoreline. The absence of 
age data does not allow establishing the timing for this maximum shoreline retreat. 
Phase 3: 1300 BC – 400 AD (3250 - 1550 cal BP); Barrier retrogradation. 
This phase is marked by barrier recovery and a lowering on the water table 
levels with the infilling of the previous drainage channels with aeolian sands (Fig. 4.17, 
3). During phase 3 there is a continuous landward migration of the sand barrier at a 
higher rate, manifested by SE dipping reflectors in the GPR record. The OSL ages 
obtained in the core T4S3 (GPR transect TR4, Figs. 4.9, 4.13 and 4.14) date the landward 
accretion until 400 AD. The high fossilization potential of the lower sedimentary record 
is due to a positive long-term sediment balance and the oscillations of the water table. 
The high fossilization potential of the lower sedimentary record is due to a positive long-
term sediment balance and the oscillations of the water table. 
Phase 4: 400 AD to present (1550 cal BP to present); Barrier progadation. 
During this phase, the lagoon suffered increased filling immediately behind the 
sand barrier (Fig. 4.17). The 14C age obtained in the organic sediments of core P4 
indicate almost 4 meters of sand infill since 1159 a AD (Fig. 4.9). Seaward (frontal dune 
ridge) and upward accretion characterize this phase as documented in the topmost part 
of the record (Fig. 4.16). The base of this unit (U5) is the erosional surface formed during 
the barrier flooding, at the end of the phase 2.  
Subhorizontal sediments located above the erosional surface indicate a change 
in the dune building processes. There is no age data available for this change.  
Considering the results obtained in Chapter 3, it can be inferred that this radar 
configuration marks a southern sediment transport due to recently northeasterly winds; 
which reworked the preexistent material in the dune-field. 
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Fig. 4.17. Squematic illustration of the system evolution since the 4050 a BC. The dashed lines indicate the 
previous profiles of sand barrier. 
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4. Discussion 
The studies of the sedimentary architecture for the last 8000 years, using both 
core and GPR transects, in Louro and Traba barrier-lagoon systems, reveal significant 
analogies in the evolution despite several discrepancies. This Holocene evolution could 
be summarized in four key phases controlledby changes in the drivers of coastal 
adaptation at millennial scale (i.e. sea-level, sediment availability and climate). In the 
Galician coast there are no clear evidences of significant vertical tectonic movements 
during the Holocene (Leorri et al., 2012b), consequently this factor will not be 
considered to drive changes in the studied coastal systems over the Holocene.  
The first difference observed in the evolution of both systems starts with the 
barrier onset. In Louro, the proposed model initiates with the formation of an incipient 
barrier and marginal sedimentation in the back-barrier area, circa 6050 a BC. This 
behavior has significant analogies with previous works along Iberian coast in which a 
transgressive sequence forms, caused by marine flooding, which results in lagoon and 
estuarine deposits. (Freitas et al., 2002; Cearreta et al., 2003; Freitas et al., 2003; Leorri 
and Cearreta, 2004; Cabral et al., 2006). By contrast, in Traba organic rich deposits 
associated to marginal lagoonal sedimentation and the subsequent barrier anchoring 
was registered 2000 years later; circa 4050 a BC. The temporal difference could be 
explained by the different configuration of the basement in both sites. In this regard, a 
higher basement in Traba implies a delay in the timing of marine basin inundation. 
Indeed, this was previously suggested by Bao et al. (2007) in Traba and in other coastal 
systems along the Galician coast (Costas et al., 2009).  
The timing of the second phase (from circa 3300 to circa 1300 a BC) is 
contemporaneous in both systems and was characterized by barrier inland migration 
through the formation of transgressive dunes and the subsequent infilling of the back-
barrier area. During this phase a slightly negative sediment budget along with strong and 
persistent onshore winds are speculated to provoke the formation of transgressive 
dunes. Psuty (2008) defended that a slightly negative sediment budget may provoke, the 
loosing of sediment from the foredune through the dissection of the foredune ridge, the 
formation of blowouts and transgressive dunes and the subsequent reduction of its 
morphological identity (Fig. 4.18). In both systems this phase ends with the degradation 
and partial erosion of the barrier due to maximum flooding marking a maximum marine 
transgression. 
Following this phase, the evolution of both systems differ. In Louro, the 
connection between the lagoon and the open sea (i.e. the ephemeral inlet) established 
at its present position, where the topography of the barrier was lower. The opening of 
the inlet allowed the formation of the flood tidal delta at its present position. On the 
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other hand, it is here suggested that frequent storm surges could be responsible for 
flooding and maintenance of overwash corridors along the barrier. Indeed, they 
controlled the later evolution of the system, which entered in a phase with high marine 
influence at the back-barrier area lasting around 2000 years. In Traba, barrier flooding 
originated a new lagoon drainage network that partially eroded the transgressive dunes. 
The flooding of the barrier could be originated by a rapid rise of the water level in the 
lagoon which provoked the incision of drainage channels eroding the barrier. The 
duration of this event could not be determined with the available data, but it could 
correspond to a short-time event. Following this event, the system recovered showing a 
new phase dominated by transgressive dunes, which fill the previous incised channels.  
In the last phase, the systems suffer a gradual stabilization, marked by the 
progradation of barriers and the infilling of the lagoon areas by fine-grain sediments 
(Figs. 4.6 and 4.17). In Louro, the barrier entered a recovery phase with a reduction in 
the frequency of overwash and inlet breaching events provoking the abandonment of 
the delta over time. In Traba, the barrier prograded, showing the formation of a new 
foredune ridge and the upward accretion of the inner system. Aeolian sediment 
transport shifted from being landward directed to advance towards the SW. 
 
 
Fig. 4.18. Conceptual model for the relationship of sediment budget of the beach in relation with sediment 
budget of the foredune, inland transfer of sand, and resulting topographies in a sand-sharing system. 
Foredune development is marked by dark line, beach development by a dashed line and maximun inland 
transport by gray shading (Psuty, 2008) 
From the above, the effect of several factors and mechanisms acting together 
are apparent. Among the driving factors, the most relevant appear to be sea-level, 
climate, the topographic inheritance and sediment supply. Thus, these factors will be 
discussed in the next sections considering its effect on the system evolution. 
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4.1. Sea-level and topographic inheritance 
The establishment of Louro, Traba and other barrier-lagoon systems along the 
Galician coast has been related to the Holocene deceleration of the sea-level rise (Vilas 
et al., 1989; Alonso et al., 2003; Pagés and Alonso Millán, 2006). At that moment, the 
sediment stored in the shoreface migrated inland with sea-level rise, forming 
transgressive barriers that isolated a lagoon from the dynamics of the open sea (Vilas et 
al., 1989). This process has been described in most of the wetlands on the Atlantic 
Iberian coast during the Holocene transgression following embayment flooding 
(Cearreta et al., 2003; Freitas et al., 2003; Bao et al., 2007; González-Villanueva et al., 
2009).  
In the study area there are not solid sea-level proxies to reconstruct a feasible 
sea-level curve for the study area. Yet, the dated deposits were plotted in Fig. 4.19 
together with the relative sea-level curves available for the area of interest and 
proposed by Alonso and Pagés (2010), Leorri et al. (2012a); Leorri et al. (2012b), with 
the aim to correlate the system evolution with the sea-level history. 
As exposed above, in the interpretation section of Louro, the onset of the 
barrier was set circa 6050 a BC, following sea-level deceleration. As shown in Fig. 4.19, 
the oldest samples dated in Louro were deposited when sea-level located 7-5 m below 
its present position. The latter is supported by the accumulation of marginal peats 
isolated from the direct marine influence at 3-4 m below present mean sea-level.  
In Traba, the exact timing of the barrier onset is not clear, due to the lack of 
age data. The oldest ages in Traba correspond to peat layers located over a shallow 
basement. The shallow basement is supposed to have conditioned the anchoring and 
early evolution of the barrier. In this regard, it has been previously noticed that the 
topographic inheritance may play an important role in the establishment and 
development of coastal systems (Devoy et al., 1996; Bao et al., 2007; Costas et al., 
2009). In the case of Traba, Bao et al. (2007) highlight the importance of the high 
basement preventing marine flooding of the inland area and keeping the back-barrier 
isolated from the direct marine influence. Subsequently, Traba was never configured as 
an open bay previously to the attachment of the barrier. In the case of Louro, the 
deeper position of the basement and the previous existence of an open bay implies 
marine flooding before the anchoring of the barrier (González-Villanueva et al., 2009).  
The difference in the elevation of the basement between Louro and Traba 
determines to a great extent the differences in the early evolution of the systems once 
the mean sea-level reached values close to the present level circa 3000 a BC. In the case 
of Louro, a relative sea-level rise could trigger the destabilization of the coastal barrier 
1550 a BC promoting phase 3. This suggests that Louro is strongly influenced by sea-
level oscillations. In fact, sea-level rise may increase the vulnerability of the barrier by 
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increasing barrier breaching associated to marine flooding. Even though it is likely that 
there have been some washovers coincident with pulses of sea-level rise, the existence 
of other overwash events during periods of stable sea-level suggest that other factors 
should be invoked to explain the evolution of Louro (Fig. 4.19). Indeed, the presence of 
organic-rich sediments and peat layers bellow the mean sea-level are indicative of 
temporary isolation of the lagoon.  
 
With this in mind, it can be asserted that the establishment of the barrier at 
Traba, and its early evolution, were primary controlled by the topographic inheritance. 
On the other hand, the anchoring and evolution of the barrier at Louro appears primarily 
linked to the sea-level history. However, as mentioned in the beginning of the discussion 
other factors should be considered to explain the whole evolution of both systems. 
4.2. Sediment source and budgets 
The facies distribution shows that both sedimentary systems exhibit discrete 
layers of peat and/or organic-rich sediments inter-bedded with thicker sand-dominated 
deposits. In both systems there are different episodes of sand accumulation contributing 
 
Fig. 4.19. Dashed gray line represents relative sea-level curve in NW Iberian Peninsula for the last 9000 cal a 
BP, from Alonso and Pagés (2010). 1, 2, 3, 4, and 6 grey lines correspond to relative sea-level curves along 
Atlantic coast in SW Europe (Leorri et al., 2012a) and 5 grey line corresponds to relative sea-level curve in 
the Minho estuary (Leorri et al., 2012b). 1-6 positions are indicated in the map, letters L and T indicate the 
position of Louro and Traba coastal systems respectively. Geometric symbols represents age data (14C and 
OSL) obtained in Louro (blue) and Traba (orange) coastal systems. 
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to the infilling of the lagoon. Also, in both systems, the major contribution to the lagoon 
infill is the landward aeolian sediment transport. 
The sediment source of the first phase (i.e. barrier onset) was related to the 
Holocene transgression. Arribas et al. (2010) inferred that the rugged Galician coast 
produces local erosion during a rapid sea-level rise, short transport of sediment and 
deposition on sediment-trap zones. Nowadays, as explained in the Chapter 2, the fluvial 
drainage and sediment supply entering Louro and Traba are negligible, and these 
conditions were probably the same during the study time interval, over the late 
Holocene. In this regard, Arribas et al. (2010) also supports the scarce contribution of 
fluvial drainages to coastal systems in NW Spain, and highlights that the aeolian sands 
are essentially product of the erosion of coastal cliffs and head deposits ruling out the 
long distance transport of sediments. The grain size analysis of the samples collected 
from the beach and dune surface (Almécija et al., 2008) and the subsurface of the 
barrier show that the upper sandy units share a similar provenance with the present 
beach and dune areas. Mixed with the predominant siliciclastic grains there is a variable 
amount of carbonate grains of biogenic origin, which are incorporated to the coastal 
systems during storms from the adjacent subtidal areas and rocky cliffs.  
We argue a positive sediment budget during the highstand and in consequence 
a wide barrier may have developed. Strong onshore winds may have contributed to the 
formation of a large foredune and to the inland transport of sand (Phase 2, Figs. 4.6 and 
4.17). Following the morphological continuum of Psuty (2008), once the sediment 
budget becomes negative, the foredune initiates its dismantling with the occurrence of 
blowouts that may contribute to the formation of transgressive dunes and ultimately 
with the occurrence of washovers. This situation facilitates marine inundation, as 
documented in Louro (Phase 3, Fig. 4.6), without the need of a rise in sea-level. In 
addition, an inland transport of sand explains the observed lagoon infill. In Traba, the 
incision of a channel at the end of Phase 2 (Fig.4.17) promoted sediment transfer from 
the dune to the shoreface. This sediment became available during the following recover 
of the system (Phase 3, Fig. 4.17). During phases 2 and 3, persistent and strong westly 
winds would allow a faster recovery in Traba than in Louro due to its relative shelter 
from storm waves and winds. The last phase in both systems is characterized by the 
stabilization of the barrier. This was apparently accompanied by a change in wind 
direction, which reworked the pre-existing sediments and provoked a change in the 
direction of the migration of aeolian forms. 
In summary, during the late Holocene the sediment source and budget in both 
systems are the systems themselves. The sediment is transferred between different 
compartments of the systems, which served as temporary “sediment-storages” for each 
moment depending on the dominant external forcing factor. 
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4.3. Climate change  
Potential causative factors of climatic change operate over a very wide range 
of timescales. A sedimentary deposit was generally related to specific climatic 
conditions, in this work a tentative to infer the climatic variability using the dated 
deposits was addressed. 
The organic-rich and peat layers dated presented a wide range of ages in 
Louro. Conversely, in Traba the available ages for these deposits are limited. This 
obscures the establishment of a relation between specific deposits and particular 
climatic conditions. Indeed, a clear correlation between the available ages obtained 
using 14C and climatic conditions could not be identified and so will be discarded from 
the climatic analysis. 
Climate change is a potential forcing factor in coastal system evolution and 
barrier development because periods of consistent onshore directed winds are required 
in order to explain the landward transport of sand. In the proposed models of evolution 
for Louro (Fig. 4.6) and Traba (Fig. 4.17), the onset of the barriers was related to the sea-
level deceleration during the Holocene. The subsequent evolution of both systems was 
primarily controlled by the combination of sediment supply and onshore winds. The 
latter is dominated by westerly winds (WSW to WNW), which in the area are 
characterized by storm conditions.  
Different phases of dune reactivation, as well as washover deposits disrupting 
the barrier, have been dated using OSL techniques. Aeolian activity has been frequently 
linked to periods of enhanced storminess, which may explain the movement inland of 
coastal dunes (Aagaard et al., 2007; Clemmensen et al., 2007; de Jong et al., 2007; 
Billeaud et al., 2009; Clemmensen et al., 2009; Costas et al., 2012). Furthermore, the 
washover formation is associated with changes in relative sea-level caused by high 
energy events during storms in barriers with low elevation (Jelgersma et al., 1995; Roep 
et al., 1998; Buynevich et al., 2004; Donnelly et al., 2004; Dougherty et al., 2004; Ruiz et 
al., 2005). This leads to believe that the washovers and inland dunes in the study sites 
could be used as proxies of storm occurrence in the NW Galician coast.  
The sedimentological response to storm events during the late Holocene 
differs in Louro and Traba systems. In Louro, the impact of storms is primarily revealed 
by the increase of overwash occurrence and formation of washovers. The storms in 
Louro provoke high storm surges due to the combined effect of the atmospheric 
pressure and the winds, which in this area approach perpendicular to the coast. Storm 
surges cause temporal instabilities in the beach and/or dune promoting the breaching of 
the barrier and the development of overwash. In Traba, the major impact of storms 
manifests through the aeolian transference of sand inland in form of transgressive 
dunes. 
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Dated storm-generated deposits using OSL technique were used to delimitate 
storm-event periods in the study area. A total of five intervals with a higher impact of 
storms (Fig. 4.20) were defined: SP1 (3350-3050 a BC), SP2 (2550–1700 a BC), SP3 (1000-
300 a BC), SP4 (100-550 a AD) and SP5 (1350-1850 a AD), the last one is coincident with 
the Little Ice Age -LIA- (Bradley and Jonest, 1993).  
The period defined as SP1 is represented by washover deposits in Louro, which 
are indicative of marine inundation due to sea-level over-elevation. SP2 represents the 
timing of the formation of the transgressive dunes during phase 2 in both systems; the 
washovers in Louro mark the beginning of the barrier flooding. In the Portuguese coast a 
period of high aeolian activity and transgressive dune development was recorded during 
this period associated with persistent westerly winds (Costas et al., 2013). Aside from 
the previous storm periods, based in the available dating, it must be consider that the 
barrier was flooded circa 1050 a BC (3000 cal BP), as observed in Traba due to a quick 
rise in the water table. The reason for this water table rise could be an increase in the 
rainfall regime and river water flow. Indeed, this hypothesis is supported by the 
outcomes obtained from the NW Iberia continental shelf, where different authors 
observed an increase of rainfall regime and associated storms circa 3000 cal 
BP(González-Álvarez et al., 2005; Bernárdez et al., 2008) and from coastal records 
(García-Gil et al., 1999; Bao et al., 2007; Costas et al., 2009). SP3 and SP4 include the 
evolutionary phase 3, represented by abundant washover deposits in Louro and 
prominent inland aeolian transport in both systems. The last identified storm period, 
SP5, is characterized by high washover occurrence in Louro. Conversely, Bao et al. 
(2007), suggest a short-term event between 1680 and 1760 AD in Traba, in which they 
observed an increase in saline diatom taxa in the core lagoon record. The authors 
suggest an intensification of storminess at this time, or even the effects of the 1755 AD 
tsunami of Lisbon as responsible for a more permeable situation of the barrier. These 
results match the high increase in the occurrence of washovers in Louro. Conversely, our 
results do not evidence the influence for these periods of enhanced storminess, either 
because of the larger dimension of the barrier, or because of the lower age resolution 
model for this site. 
The defined periods could be influenced by local climate or environmental 
variability. In order to gain a more accurate picture of their spatial scale, the defined 
storm periods are compared in Fig. 4.20 with Holocene storm periods documented in 
western Europe and Iceland (Jackson et al., 2005; Sabatier et al., 2012; Sorrel et al., 
2012). With the exception of SP1, the remaining storm periods (corresponding to the 
late Holocene) present a relatively high correlation with Holocene storm periods 
documented in Western Europe (Fig. 4.20). In particular, they are coincident with the 
periods of storminess proposed by Sorrel et al. (2012), which were the result of a 
stacked chronology of nine independently dated records, reducing the potential 
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influence of local environmental variability on the shared signal. This fact suggests that 
the proposed storm events affecting the study sites are controlled by the regional 
climate of the North Atlantic. The spatial variations in the timing of storm events 
between the study site and other locations along the European coast and Iceland could 
be a consequence of single storm events, which are limited to a discrete area. 
 
In Iceland, Jackson et al. (2005) suggest a correlation between the proposed 
storm periods and Bond cold events (Bond et al., 1997; Bond et al., 2001). Storm events 
along NW Europe seem to be in phase with the Holocene cooling events documented by 
Bond et al. (1997), even if the origin of these events are not clear (Mayewski et al., 2004; 
Debret et al., 2007). However, in the case of the study area, with the exception of the 
SP1 and SP5 there is not a clear relation between the storm events recorded in the study 
area and the Bond cold events (Fig. 4.20). During these cold events a stronger 
meridional temperature gradient across the North Atlantic and a southward position of 
the westerlies has been previously suggested (Magny et al., 2003; Bakke et al., 2008). 
This southward position of the storm tracks implies a major impact of storms over the 
study area. In fact, at the study area the storm periods are associated with enhanced 
westerly winds. 
 
 
Fig. 4.20. a, Storm deposits dated in Louro and Traba coastal systems, oranges corresponds to washover 
deposits and blues to aeolian activity; grey shadow areas correspond to periods of mayor impact of storms. 
b, Holocene strom periods: 1, Iceland storm events (Jackson et al., 2005); 2, Palaeostorm activity in northern 
coastal Europe (Sorrel et al., 2012) and 3, Storm periods in NW Mediterranean Sea (Sabatier et al., 2012) 
and c, IRD stack series of four drilling (MC52-MD29191+MC21-GGC22) for the last 9000 years(Bond et al., 
1997; Bond et al., 2001) 
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5. Conclusions 
The combination of data assisted in the reconstruction of the sedimentary 
processes and the system evolution. In addition, this helps to infer changes in climate, 
sea-level and other pertinent factors, as the role of basin elevation involved in its 
evolution. Louro and Traba depositional systems have evolved during the Holocene. At 
Louro, the sedimentary dated record starts circa 6050 a BC while in Traba it started circa 
4050 a BC. Sea-level rise and topographic inheritance play an important role in the onset 
of both coastal lagoons. Indeed, the relation between the elevation of the basin and the 
position of the mean sea level influenced directly the early evolutionary stages of both 
systems. The deeper basement in Louro implied that sea-level was the primary forcing 
factor for the early barrier development, which occurs earlier than in Traba. On the 
contrary, the shallower basement in Traba, reduced the impact of sea-level to a 
secondary level. In Traba, the topographic inheritance plays a key role in its evolution.  
The sediment source of the first phase (i.e. barrier onset) was related to the 
Holocene transgression. The sediment stored in the shoreface migrated inland with the 
sea-level rise. We argue a positive sediment budget during the highstand and in 
consequence a wide barrier may have developed. Strong onshore winds may have 
contributed to the formation of a large foredune and to the inland transport of sand 
In both systems, during the late Holocene, the sediment source was the 
system itself. The sediment is transferred between different parts of the system (beach-
dune-lagoon), which serve as a “sediment-storage” for each phase as a function of the 
external acting forces. 
The evolution of both systems responds to climatic variations. Indeed, the 
dated washover and dune sediments provide age estimations of processes linked to 
storm periods, like overwash events and high aeolian activity. The interpreted storm 
events present a similar timing than others observed in coastal records of northern 
Europe. In general, these periods of high storminess seem to be in phase with the 
Holocene cold climatic events. 
The nature of the storm deposits differs from Louro to Traba because of 
coastal orientation and sheltering effects. During the cold periods of mid to late 
Holocene, the storm tracks are associated with the westerlies. The westerlies have a 
direct impact over Louro due to its orientation. Storms lead to surges that have a great 
impact in Louro. In this case, storm periods produced washovers disrupting the barrier. 
Conversely, the coastal orientation protects Traba from the direct impact of the 
westerlies and softens the effect of storm surges. In this case, the landward transport of 
sand provokes different pulses of barrier growth as reflects of passage of storms. 
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This study contributes to the understanding of the past storminess variation in 
the North Atlantic  and can be used as another control point for palaeo-storm activity in 
the Galician coast, as in other coastal areas described in previous research works  
(Clarke and Rendell, 2009; Clemmensen et al., 2009; Sorrel et al., 2010; Dezileau et al., 
2011; Sabatier et al., 2012; Sorrel et al., 2012).... 
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1. Summary 
Two barrier-lagoon systems with different characteristics in terms of 
orientation, topographical and geographical context were selected in this PhD thesis to 
determine their morphodynamics, origin and evolution: Louro and Traba. Both systems 
comprise sand barriers backed by a coastal lagoon. Louro is represented by a seasonal 
lagoon episodically communicated with the open sea through an ephemeral inlet and a 
narrow and irregular dune-field. By contrast, Traba comprises a lagoon connected with 
the sea by an ephemeral inlet through a 1 km long channel and a large and highly 
vegetated dune-field. Both systems are located within the Galician Atlantic coast. 
However, their orientation relative to wave and onshore winds is different. Louro is 
oriented SE-NW whereas Traba is oriented SW-NE. This fact implies stronger and more 
direct impact of the North Atlantic storms and the associated swell over Louro than over 
Traba. 
The study began with the analysis of the present day situation from a 
geomorphologic perspective characterizing the sedimentary environments. To this end, 
we used recent aerial imagery, DTM´s and field observations. Once the sedimentary 
environments and their characteristics were established, we analyzed the evolution and 
determined the nature of the processes involved on the shaping of both systems at 
different temporal (annual and decadal) scales.  
To evaluate the annual interaction of the lagoon dynamics with other elements 
in the system, we have monitored the water levels in the lagoon and in the nearshore 
adjacent areas during two years. These data were combined with local climatic 
parameters recorded by nearby meteorological stations. The decadal trends and 
evolution of both systems were examined combining the results of cartographic analysis 
(aerial imagery) with climatic and oceanographic datasets. In addition, the analysis of 
the decadal evolution in Traba was implemented with support to geophysical data 
(ground penetrating radar, GPR). The detailed analysis of the Traba dune-field aimed at 
resolving the responsible of modulating the climate variability in the last decades and at 
deciphering the formation and evolution of some relevant sedimentary structures: the 
blowouts.  
Finally, we approached the reconstruction of the evolution of both systems at 
scales of hundreds to thousands of years using data obtained from sediment cores and 
GPR. The later allowed us to determine the time of the onset of the coastal lagoons and 
consequently the anchoring of the sandy barriers, and provided us with an 
approximation to the involved processes from a local and regional perspective within 
the Holocene transgression. 
The present chapter sets out an integration of the results for different time 
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scales and between different systems; ending with the closing remarks from a local to a 
regional interest. 
1.1. Lagoon dynamics 
The outcomes from the annual analysis of water lagoon dynamics gave us 
some insights about the dynamics and the role that the lagoons have in the evolution of 
the systems at longer temporal scales.  
In Louro, the lagoon presents a marked seasonal behavior, reaching its major 
extension during the wet season and its minimal during the dry season. Indeed, the 
lagoon water level is regulated by the rainfall regime until a threshold value, which is 
coincident with the elevation of the beach berm. The latter supports the tight link 
between the water level in the lagoon and beach morphodynamics. When the rain 
begins to fall, the water in the lagoon begins to rise, until it reaches an elevation close to 
the beach berm (normally, 4 or 4.5 m ADS). When the water reaches this threshold 
value, the barrier may breach and the inlet develops. However, the latter will only 
happen if a third condition is achieved; the mean sea water level must be at its 
maximum (i.e. spring tides and storm surges). These conditions guarantee beach erosion 
as the water table within the barrier is also raised and thus barrier breaching. Once the 
lagoon is opened, a deep tidal inlet (close to 2 m) is excavated eroding the beach and 
transporting barrier sediments offshore. When the lagoon water level drops, the free 
tidal flow through the inlet provokes tidal oscillation in the lagoon as well as sand 
transport into the lagoon through the inlet in the form of sand bars. The duration of the 
inlet is regulated by the rainfall and the wave climate; the inlet uses to remain open for 
4 days if fair weather conditions (minimal rainfall and low waves) are installed in the 
area. Conversely, persistent rainfall and storm surges may increase inlet activity to 15 
days. 
In the case of Traba, the lagoon does not present a marked seasonal behavior; 
the water level remains close to the same value (circa 2 m ADS) during the entire year. 
Oscillations in the water level in the lagoon only occur during the wet season, following 
persistent rainfalls and during spring tides or rising tides. The lagoon water level can rise 
1 m above its normal level, but this situation is only maintained for a couple of days. 
These rainfall peaks are coincident with storm conditions, which induce storm surges in 
the beach that provoke the rapid erosion of the beach and the subsequent inlet 
opening. 
Inlet dynamics and its link with barrier and water level lagoon dynamics in the 
case of Traba were more difficult to stablish. Here, it is suggested that the inlet remains 
active during the wet season due to the lower topography in the proximities where the 
inlet breaches the barrier. In this regard, the inlet appears to close only through the 
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temporal accumulation of sand bars welding to the beach foreshore that ultimately may 
form a berm. This process usually occurs during the dry season. 
In summary, the lagoon water dynamics in both systems has been regulated by 
the rainfall regime, but the Louro lagoon presents a more dynamic behavior than Traba 
lagoon. The barrier breaching in Louro occurs in the wet season and is highly related to 
the rainfall regime and beach morphodynamics. Both regulated the water storage in the 
basin. Conversely, the almost permanent character of the inlet in Traba (at least during 
wet season), allows a free flow of the lagoon and the oscillations in the lagoon water 
level are primary associated to the rainfall peaks. 
1.2. Multidecadal changes 
In a decadal scale, a trend towards stabilization is observed in both systems 
with some discrepancies related to the dominant sedimentary environments of each 
system. In the 1950s both systems entered in a phase of high dynamism, with a marked 
aeolian activity in the dune-field at Traba and an increase of washover occurrence in 
Louro. In Traba, during the studied 70 years, there were not documented overwash 
processes. In fact, nowadays, the elevation of the foredune ridge is higher than 6 m ADS, 
value above the maximum recorded storm surge level (4.7 m ADS), which prevents 
overwash. In both cases, increased dynamism appears triggered by an increased 
frequency on the passage of storms in the region, which are ultimately related to lower 
or negative values of winter NAO index.  
The progressive stabilization of both systems is coincident with a period of 
wind speed deceleration, as well as a decrease of storm frequency after 1960. The 
gradual expansion of the vegetation cover in both study sites and the reduction of the 
washovers in Louro reflect stabilization. In Traba and Louro, like in other areas of SW 
Europe, a climate shift inducing weaker and less frequent storms can be claimed as the 
more likely reason to explain the gradual stabilization and the deficit of sediment input 
to the systems and, in consequence, the expansion of the vegetation cover in the dune-
fields. However, it is not clear which is the cause for this climate variability and which 
are the factors modulating this shift. This question will be addressed analyzing the effect 
of principal atmospheric modes in the North Atlantic over the wind pattern in the Galicia 
coast. On the other hand, the observed shift in the wind-field regime could explain by 
itself the progressive stabilization in both systems. However, other factors must be 
considered to explain the observed stabilization, namely sand availability. When the 
sediment supply is lower or interrupted, the sediment availability is affected and 
reduced, in consequence the coastal systems tend to stabilize or to degrade by erosion. 
Sand availability in aeolian dunes can be controlled by the elevation of the water table. 
The water flooding simulations over the Traba dune-field indicates that during extreme 
values of rainfall, sand entrainment can only occur above a threshold value of elevation;. 
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Furthermore, these peaks of rainfalls are coincident with storm events. This fact 
suggests that the moisture changes were a consequence of storms events in the area. 
1.3. Atmospheric modes modulating climate variability in the last 
six decades 
A shift in the climatic conditions inducing weaker and less frequent storms has 
been aforementioned as the more like reason to explain the gradual stabilization of both 
systems, but is not clear what modulates this climate shift. To resolve this problem, we 
decide to focus on Traba system to test the factors triggering the changes in aeolian 
activity within the aeolian dunes. The presence of active aeolian forms (blowouts) 
facilitated this task. 
The phase of higher dynamism observed in the 1950s was previously related to 
an increase on the storminess frequency, which in the area is related to a prevalence of 
persistent negative values of the winter NAO index. As mentioned above, following this 
period of enhanced storminess, a progressive expansion of the vegetation cover was 
observed. Nevertheless, the results of the GPR record in the areas that remain active 
suggest that they were shaped by NE winds. Nowadays, this direction dominates the 
wind-field during summer, which leads to the conclusion that aeolian activity is 
seasonal. 
To evaluate the effect of this supposed seasonal behavior, the analysis of 
atmospheric modes modulating the wind-field of the North Atlantic must be addressed 
from a seasonal perspective for the last decades. The analysis of atmospheric modes 
during the winter season, in the last decades, suggests that the NAO is the principal 
contributor to the resultant wind regime in winter. Negative values of the wNAO index 
are responsible for more frequent westerly winds. These winds are associated to the 
passage of storm events. Under these conditions, large volumes of sand are remobilized 
within the beach and become available to different barrier compartments. Conversely, 
the wind-field in summer under prevalent negative modes of the NAO is more complex 
and results from the combination of other atmospheric modes, being the EA the major 
contributor, but highly influenced by the SCAND. The combination of positive EA and 
SCAND with a negative NAO is compatible with NW winds, which are ultimately 
responsible for the transference of sand from the beach to the dune. Conversely, the 
result of a combination of negative EA and SCAND with positive NAO supports NE winds, 
responsible for the sand transport within the dune-field.  
The winter NAO index shifted from persistent negative modes to positive circa 
the 1970s, reducing the sediment transport capacity from the beach to the dune. At the 
same time, the occurrence of positive phases of SCAND (during summer) is reduced 
from the 1970s. This trend leads us to infer that the observed climate shift was 
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modulated by a shift in the combination of the three atmospheric circulation modes 
operating at a decadal scale. 
The behavior observed in Traba could be extrapolated to Louro, providing a 
better explanation to the changes observed at annual and decadal scales. Indeed, during 
winter, the NAO is the principal mode controlling wind direction, with more frequent W 
storm tracks reaching the Galician coast when the NAO index is negative. In Louro, 
winter westerly winds and the associated swell directly affects beach dynamics with a 
tendency to generate more dissipative morphologies and developing rip currents in the 
north sector. The latter significantly contributes to beach erosion and promotes barrier 
breaching. Persistent negative values of the wNAO index until the 1970s also allows us 
to explain the decadal evolution observed in Louro, which was characterized by frequent 
overwash and lower beach topography. Nowadays, the effect of wNAO index is also 
evident at annual scale despite higher beach topography. Lower or negative values of 
the wNAO index are associated with an increase in the rainfall, which facilitates the rise 
of the lagoon water level and an increase of the level of storm surges, which in turn 
facilitates barrier breaching. 
The effect of NW winds over Louro dynamics are related to wave approach and 
in consequence to beach dynamics. This situation promotes sand accumulation along 
the beach during summer and facilitates the development of a beach berm (Almécija et 
al., 2009). Conversely, NE winds have a minor impact over Louro due to the sheltering 
effect of the adjacent reliefs. In this case, there is a local impact over the dune shape. 
We have shown that to understand the morphological changes and evolution 
of these coastal systems it is essential to study the combined role played by the most 
important circulation patterns and their intrinsic variability. Besides, this approach 
provides invaluable data for construction of future predictive models aiming to facilitate 
management and preservation. The study of these conditions is key to understand the 
processes controlling sediment distribution in the evolution of the sedimentary systems 
during the Holocene.  
1.4. Sedimentary response of coastal systems to Holocene sea-level 
and climate variability 
One of the aims of this thesis was contributing to the knowledge of the long-
term evolution of barrier lagoon systems in the Atlantic Galician Coast resolving two 
major questions: which are the processes and factors involved on the formation and 
evolution of these systems and what is the relative contribution of the different forcing 
factors. 
Ground Penetrating Radar images and borehole transects were used to define 
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the sedimentary architecture of Louro and Traba coastal systems to offer new insights 
into the sedimentary evolution of the Galician Atlantic coast through the Holocene. 
Facies correlation in both systems was complex though three principal types of deposits 
have been identified: i) washover fan deposits (only in Louro), ii) sandy barrier deposits 
(aeolian and beach), and iii) organic-rich deposits. 
The facies distribution and the dated deposits allow us to illustrate the 
formation and evolution of the barrier-lagoon system within a timeframe. The dated 
deposits document the onset and evolution of the system within the middle and late 
Holocene, starting close to 6000 a BC; with the oldest sediments yielding an age circa 
6035 a BC. The general evolution suggests an early anchoring of a barrier followed by 
the landward advance of the sand barrier in form of transgressive dunes, infilling the 
lagoon. The barrier apparently confined a sandy area owing to the sedimentation of 
organic-rich layers within a narrow and shallow lagoon about 3500 a BC. In Louro, the 
next phase was characterized by marine flooding starting around 1550 a BC, as 
documented by the occurrence of overwash deposits at the southern and central part of 
the barrier and the delta onset in the north end. At the same time, in Traba, a rapid 
flooding apparently inundated the barrier and generated a new network of lagoon 
drainage channels. This was followed by a new set of transgressive dunes and the 
infilling of the previous drainage channels. Finally, the later changes in both systems 
suggests barrier stabilization characterized by aggradational plus progradational 
geometries (from 450 a AD approximately), which should be promoted by more stable 
sea-level and climatic conditions. 
Integrating of both evolutionary histories allows us to differentiate four main 
phases of barrier lagoon evolution: 
Formation of an incipient barrier and a coastal lagoon (6050 - 3050 BC):  
In this work, we state that the establishment of a sandy barrier at Louro was 
circa 6050 based on peat deposits found in the back-barrier area. In the case of Traba, 
organic-rich sediments were collected within shallower areas yielding younger ages 
what leave us with the doubt about the age of the oldest sediments within the system, 
and prevented us of more accurately establish the date for the barrier onset. 
Nevertheless, the ages obtained from the barrier indicate that it could occur prior to 
4050 a BC. Holocene sea level deceleration is here suggested as the main controlling 
factor during this phase, in fact this behavior is observed in other barriers along the 
Atlantic coast (Bao et al., 1999; Cearreta et al., 2003; Freitas et al., 2003; Bao et al., 
2007; Costas et al., 2009; González-Villanueva et al., 2009). Leorri et al. (2012b) 
proposed  a sea-level curve for the region in which the sea-level raised up to 5 m below 
the present level until 5050 a BC following an slow sea-level rise until present situation, 
favoring the inland migration of sandy sediments and initiating the barrier onset. Once 
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the barrier attached to the coast, further sea-level rise could increase barrier 
vulnerability.  
In the case of Traba, the shallow basement is supposed to have controlledthe 
anchoring and the early evolutionary stages of the system. Indeed, the high basement 
could prevent the marine flooding of the inland area and keep the back-barrier isolated 
from the direct marine influence. In this phase, the relation between the elevation of 
the basin and the position of the mean sea level influenced directly the early 
evolutionary stages of both systems and governed discrepancies with the later 
evolution. 
Barrier retrogradation and flooding (3050 – 1300 BC):  
After a first phase of barrier anchoring, both systems followed the same 
evolution, characterized by transgressive barriers migrating landward. A large part of 
this process occurred by transferring aeolian sediment landward through the formation 
of transgressive dunes. This landward migration of the coastal barriers in a context of 
sea-level rise has been previously described in a conceptual model by Davidson-Arnott 
(2005) who proposes the landward migration of the nearshore profile through the 
transgression of the beach and foredune. 
In this scenario, a slow sea-level rise combined with strong and persistent 
onshore winds favors the formation of transgressive dunes and the infill of the lagoon 
with aeolian sands, according with the morphological continuum of Psuty (2008),. The 
results indicate that transgressive dune formation was a pulsating process, allowing the 
sedimentation of organic-rich deposits interlayering aeolian sand units. This process 
continued until the foredune was partially destroyed owing to the development of 
blowouts and washovers, favoring the barrier flooding. 
During this phase a marked storm period has been defined, SP2 (2250-1700 
BC), which is hypothesized as a responsible of persistent onshore winds and strong 
storm surges which are ultimately the responsible of the increase of overwash events 
and high aeolian activity. Enhanced storminess is not unique to the study area, as it was 
also documented along other coastal systems along the Western Europe coast (Sabatier 
et al., 2012; Sorrel et al., 2012; Costas et al., 2013), and are associated to an increase of 
the intensity of the westerlies. 
Barrier flooding was documented at the end of this phase close to 1300 a BC 
and two different responses had been documented in the studied areas. In Traba, 
barrier inundation was associated with high water levels in the lagoon provoking the 
breaching of the coastal barrier and aperture of the lagoon drainage channels. In Louro, 
the system evolved in a different direction, in this case, the system entered a phase of 
destabilization marked by the occurrence of overwash inundating the barrier and the 
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onset of the flood delta. 
Barrier flooding and retrogradation (1300 BC – 400 AD):  
This phase marks the difference between both study sites. As exposed above, 
at the end of the previous phase Traba barrier was flooded, opening new lagoon 
drainage channels and provoking the partial erosion of the dunes. In Traba, this 
inundation apparently had a short duration. The system recovered rapidly and the 
opened channels were infilled with aeolian sand form of transgressive dunes. 
Conversely, Louro evolved in a different direction following barrier inundation due to 
the shoreline orientation, which facilitated marine flooding and the subsequent 
dominance of overwash and inlet dynamics on the later evolution of the system. 
Abundant washover deposits in Louro and marked aeolian activity in both 
systems suggest the occurrence of two storminess periods: SP3 (1000-300 a BC) in the 
middle of this phase and SP4 (100-550 AD) covering the end and the beginning of the 
next phase. As exposed in the previous phase this periods present high correlation with 
the Holocene storm periods described in the literature for western Europe (Sorrel et al., 
2012).  
In the study cases, the source of sediment is supposed to be the system itself, 
the sediment is transferred between different parts of the system: beach, dune and 
lagoon, which serve as “sediment storages” in a specific time and as “sources of 
sediment” in other specific time, depending on the climatic conditions. This is in line 
with the results obtained in the chapter 3 for a multidecadal scale and exposed in the 
section 1.3 of this chapter. 
In Traba, the opening of the channel transferred sediments stored within the 
transgressive dunes to the shoreface. Therefore, these sediments become available to 
recover the dune-field topography once the climate conditions changed. In the case of 
Louro, the lagoon acted like a sinkhole, and the sediment was transferred into the 
lagoon though overwash channels and the inlet.  
Barrier progradation (400 AD to present):  
During the last phase, both systems suffer a stabilization and 
aggradation/progradation of the barrier, with a progressive fill of the back-barrier 
lagoon area. A gradual shift in the wind-field from westerly dominated to northerly 
favored a gradual stabilization of the sandy barrier in Louro and the change in the 
sedimentary architecture observed in Traba.  
The last defined storm period, SP5 (1350-1850 AD), was characterized by 
frequent overwash events in Louro and marked inland aeolian transport in both 
systems. This period is coincident with the cold event known as LIA. It important to 
highlighted that the spatial variation in the timing of storm occurrence between the 
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study area and the other locations along the European coast could not be exact because 
the occurrence of a single storm s is restricted to a discrete geographical area. 
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2. Closing Remarks 
The study of transitional environments, like barrier-lagoon systems, requires a 
multi approach approximation from different time scales to get a complete picture. In 
this thesis dissertation different time scales and different methodologies has been 
adopted and lead to the conclusion that the evolution of barrier-lagoon system in the 
Atlantic Galician coast is determined by the interaction of four principal factors: sea-
level, sediment supply, climate (chiefly storm regime) and topographic inheritance,. That 
way, whatever the adopted temporal scale, the topographic inheritance is a strong 
factor behind the system evolution followed by the storm regime. In an annual and 
multidecadal time-scale the storm regime and sediment supply are the major forcing 
factors; however in a larger temporal scale sea-level must be considered the principal 
factor to explain the whole history. 
The orientation of Louro and Traba is the major constraint at annual and 
multidecadal time scale. The SW orientation of Louro exposes the system to the 
principal storms reaching the Galicia coast and making the system more vulnerable and 
fragile. In the case of Traba the orientation plays an important role sheltering the system 
to the SW storms.  
From the analysis of multidecadal evolution, we can conclude that the coastal 
systems present a general trend towards the stabilization in the last 60 years. There is a 
remarkable increase in the dynamics in the 1950’s, resulting in a major occurrence of 
overwash processes in Louro and an increase of the aeolian activity in the dune-field of 
Traba. The triggering factor was the SW storms, which are ultimately related with 
negative phases of winter NAO index.  
It is important to stress that the combination of the results from GPR, aerial 
imagery and the inclusion of local climatic data provide insights into the processes 
affecting the internal sedimentary structure in coastal dunes. In fact, with this study we 
can confirm the importance of the influence of the three principal atmospheric modes in 
coastal studies in the North Atlantic, such as the seasonality in the impact analysis of 
climatic modes over dune dynamics. In fact, during the winter the NAO is the principal 
mode controlling the wind direction, however during the summer the combination of 
the three atmospheric modes: NAO, EA and SCAND are of key importance, being the EA 
the principal mode affecting the wind direction in Traba.  
From the results of a larger time scale, it might be concluded that the sea-level 
rise and topographic inheritance play an important role in the onset of both sand 
barriers. In this way, the anchoring of the barrier was related to the Holocene sea-level 
deceleration and its relation with the basin elevation. Furthermore, the evolution of 
both systems was linked to the climatic deterioration and the sediment balance after 
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1300 a BC. The interpreted storm events present a similar timing than others observed 
in coastal records of northern Europe and in general, these storm periods seem to be in 
phase with the Holocene cold climatic events. 
We hope that the outcomes of this study will be useful and help the autonomic 
agencies to assist in determining the impact of future climate change and human 
activities and to improve the management of these natural areas with high landscape, 
ecological and economic values. 
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 The study of transitional environments, like barrier-lagoon systems, requires a multi approach 
analysis from diﬀerent time scales to get a complete picture. In this thesis diﬀerent time scales and 
diﬀerent methodologies have been adopted and leaded to the conclusion that the evolution of the 
barrier-lagoon systems along the Atlantic Galician coast is determined by the interaction of four 
principal factors: topographic inheritance, sea-level, sediment supply and climate, in particular 
storminess regime. However, the load of each factor may change depending on the temporal scale of 
the analyzed processes. In an annual and multidecadal time-scale, storm regimes and sediment 
supply are the major forcers of change, but as we increase the temporal scale of analysis sea-level 
turns to dictate the evolution of the systems. Conversely, the topographic inheritance appears as a 
factor that passively controls the onset and subsequent response of coastal systems.
In every outthrust headland,
 in every curving beach, 
in every grain of sand 
there is the story of the earth.
Rachel Carso (Silent Spring, 1963)
